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in angina pectoris 


Nitroglycerin 
to relieve the acute attack and 
sustain coronary vasodilatation P 


the long-acting emergency tablet for “stress days’ 


Peritrate with Nitroglycerin (an uncoated, 
sublingual tablet which disintegrates 
immediately ) contains 1/200 gr. 

nitroglycerin plus 10 mg. Peritrate (sublingual). 
It provides immediate relief of anginal pain Be 
with hours of sustained coronary vasodilatation. ey 
Dosage: | tablet sublingually as needed. 


WARNER -CHILCOTT 
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new 
“flavor-timed”’ 

dual-action 
coronary vasodilator 


TRADEMARK 


ORAL 


for Sustained coronary vasodilation and 
protection against anginal attack 


SUBLINGUAL 


for Immediate rehef from anginal pain 


DILCORON contains two highly efficient vasodilators 
in a unique core-and-jacket tablet. 


Glyceryl trinitrate (nitroglycerin}—0.4 mg. (1/150 grain) 
is in the outer jacket—held under the tongue until 
the citrus flavor disappears; provides 

rapid relief in acute or anticipated attack. 


The middle layer of the tablet is 

the citrus ‘‘flavor-timer.” 

Pentaerythritol tetranitrate —15 mg. (1/4 grain) is in the 
inner core—swallowed for slow enteric 

absorption and lasting protection. 


For continuing prophylazis patients may 
swallow the entire Dilcoron tablet. 


Average prophylactic dose: 1 tablet four times daily. 


Therapeutic dose: 1 tablet held under the tongue 
until citrus flavor disappears, then swallowed. 
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AN AMES CLINIQUICK 


CLINICAL BRIEFS FOR MODERN PRACTICE 


“EMPTYING” OF GALLBLADDER AFTER FATTY MEAL* = 


What’s wrong with the term 
“emptying of the gallbladder’? 


The gallbladder discharges bile by fractional evacuation. It is not 
emptied completely at any one time even following a fatty meal. 


Source —Lichtman, S. S.: Diseases of the Liver, Gallbladder and Bile Ducts, ed. 3, 
Philadelphia, Lea & Febiger, 1953, vol. 2, p. 1177. 


ie 


routine physiologic support for “sluggish” older patients 


DECHOLIN® one tablet t.i.d. 


therapeutic bile 


increases bile flow and gallbladder function—combats bile stasis 
and concentration... helps thin gallbladder contents. 


corrects constipation without catharsis—prevents colonic dehydra- 
tion and hard stools...provides effective physiologic stimulant. 


DECHOLIN tablets (dehydrocholic acid, AMES) 3% gr. Bottles of 100 and 500. 


/\) AMES COMPANY, INC « ELKHART, INDIANA 
Ames Company of Canada, Ltd., Toronto 44650 
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VOLUME TWENTY-FOUR NUMBER FIVE 


Seminar on Liver Disease 


Pathogenesis and Management of Hepatic Coma 


Dr. Sherlock gives a concise appraisal of present opinion as to the causes and management of 
portal-systemic encephalopathy. She considers the evidence relating hepatic coma to ammonium 
toxicity, the indications of alterations in carbohydrate and electrolyte metabolism in this state, 
and the nature of accompanying structural changes in the brain. In treatment Dr. Sherlock 
stresses the importance of omission or restriction of dietary protein, the usefulness of neomycin to 
reduce ammonium formation by the bacterial flora of the gastrointestinal tract, and accessory 
measures. This conservative regimen appears to be the best available; therapy with glutamic acid, 


arginine or thioctic acid has proved disappointing. 


Case Reports 


Coronary Heart Disease in Identical Female Twins . Rutu B. BENEDICT 


A significant report. 


Acute Disseminated Coccidioidomycosis Capt. Epwarp S. MONGAN 


An interesting case. 


Diffuse Interstitial Fibrosis of the Lungs. Successful Treatment of a Case, with 
Adrenal Steroids S. J. FLEisHMAN, A. R. BosMAN AND D. N. FULLER 


A well studied case of Hamman-Rich syndrome, with unusually prolonged remission induced by 


corticosteroid therapy. 


Advertising Index on Page 115 


Change of address must reach us one month preceding month of issue. 
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FIRST—clinically confirmed for better management 
of psychotic patients 


NOW -— clinically confirmed as an improved 
antiemetic agent 


PROMPT, POTENT and LONG-LASTING ANTIEMETIC ACTIVITY 


Clinical investigators* report that in clinical studies 


After In Chronic In Infections, In In 
Post: Nitrogen Nausea and | Imtra-abdominal | Neurosurgical Pernicious 
operatively Mustard Vomiting Disease, and Diagnostic Vomiting of 
Therapy Carcinomatosis Procedures Pregnancy 
VESPRIN 
= showed potent antiemetic action 
= completely relieved nausea and vomiting in small 
intravenous doses 
= showed a prolonged antiemetic effect 
™ caused little or no pain at injection site 
= controlled chronic nausea and vomiting in 
orally administered doses 
= produced relief in cases refractory to other antiemetics 
= often markedly depressed or abolished the gag reflex 
= terminated with singular effectiveness the hard-to-control 
nausea and vomiting common to nitrogen mustard therapy 
™ provided superior prophylaxis against the nausea and 


vomiting associated with pneumoencephalography 
*Reports to the Squibb Institute for Medical Research 


antiemetic dosage: Intravenous route—2 to 10 mg. for therapy or prophylaxis 


SQUIBB 


Intramuscular route—5 to 15 mg. for therapy or prophylaxis 
Oral route—Prophylactic doses may range from 20 to 30 mg. daily 


supply: Parenteral Solution—1 cc. ampuls (20 mg./cc.) 
Oral Tablets—10 mg., 25 mg., 50 mg., in bottles of 50 and 500 


Squibb Quality—the Priceless Ingredient 


1S A SQUIBE TRADEMARK 


? 
x 
4, 

2 
Wy 


cardiac breakdown 
might be forestalled or ar- 
rested” by effective treat- 
ment of nervous tension and 
anxiety.* a Adjunctive ther- 
apy with meprobamate 
“definitely reduced nervous 
tension and anxiety” in all 
heart patients (80 cases), 
and enhanced recovery from 
acute cardiac episodes in 


many cases.* 
*Waldman, S. and Pelner, L.: Management 
of anxiety associated with heart disease. Am. 
Pract. & Digest Treat. 8:1075, July 1957. 


without affecting autonomic function 


Because of its unexcelled safety, Miltown 
is well suited for tranquilization of 
chronic heart patients. It is well tolerated, 
relatively nontoxic, and produces 

no blood dyscrasias, liver impairment, 
parkinsonism, or nasal stuffiness. 

It does not mask toxicity of other drugs. 


Miltown is the original meprobamate, discovered and introduced by Wal WALLACE LABORATORIES 


New Brunswick, N. J. 
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meprobamate 
prolonged 
release 
capsules 


Evenly sustain relaxation of mind and muscle ‘round the clock 


TABLET THERAPY | 
‘ 


4PM, 8PM WAM 


Two CAPSULES IN TWO MEPROSPAN CAPSULES AT BEOTIME 
RELIEVE AN TENSION AND SKELETAL MI A PROVIDE UNINTERRUPTED SLEEP THROUGH- 
CLE SPASM THROUGHOUT THE DA t UT THE NIGHT 


Meprospan 


MEPROBAMATE IN PROLONGED RELEASE CAPSULES 


= maintains constant level of relaxation 
= minimizes the possibility of side effects 
= simplifies patient’s dosage schedule 


Dosage: Two Meprospan capsules q. 12 h. 
Supplied: Bottles of 30 capsules. 
Each capsule contains : 


Meprobamate (Wallace) .................... 200 mg. 
dicarbamate 


Literature and samples on request. 


* TRADE -MARK CME-6598-48 


WALLACE LABORATORIES, New Brunswick, N. J. 
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"Most likely 
candidate 
for ORINASE®" 


age: | 
insulin: 4-O- 


now more than 250,000 
diabetics enjoy oral therapy 


In the presence of a functional 
pancreas, Orinase produces 
native insulin, at a normal rate, 


via normal channels. ORI 


REG. U.S. PAT. OFF. —TOLBUTAMIDE, UPJOHN 
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For Ample Air Right Now! 


and other Allergic States 


Medihaler-EPI 


For quick relief of bronchospasm of any origin. More rapid 
than injected epinephrine in acute allergic attacks. 
Epinephrine bitartrate, 7.0 mg. per cc., suspended 
in inert, nontoxic aerosol vehicle. Contains no alco- 
hol. Each measured dose 0.15 mg. free epinephrine. 


Medihaler-ISO™ 


Unsurpassed for rapid relief of symptoms of asthma and 


emphysema. 


Nothing is Faster 


Nothing is More 
Effective 


Isoproterenol sulfate, 2.0 mg. per cc., suspended in 
inert, nontoxic aerosol vehicle. Contains no alcohol. 
Each measured dose 0.06 mg. free isoproterenol. 


PREMICRONIZATION 
assures particle size for 
maximum effectiveness... 
more active medication per 
dose...no large particles to 
cause unpleasant taste. 


THE MEDIHALER® 
PRINCIPLE 
means automatically 
measured-dose aerosol 
medications in spill- 
proof, leakproof,shatter- 


Photomicrograph 
showing uniformity of 

Medihaler particle size averaging 
2.1 microns diameter. Space between 
grid lines represents 10 microns 
(1/2500 inch) 


proof, vest-pocket 


size dispensers. Riker 


LOS ANGELES 


90% of MEDICATION 


in 1-5 micron diameter particles 


99.9% of PARTICLES 


in 1-7 micron diameter range 


New Improved Premicronized Medihaler suspension 
...55 mcg. drug/dose 1-5 microns range 


Old type aerosol solution........... 


10-12 mcg. drug/dose 
1-5 microns range 


2-3 mcg. drug/dose 
1-5 microns range 


Squeeze bulb nebulizers............ 
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. “early and marked regression” 
in acute superficial thrombophlebitis al 


BUTAZOLIDIN 


(phenylbutazone Geicy) 


nonhormonal anti-inflammatory agent 


Relieves Pain Rapidly—BUTAZOLIDIN usually produces complete relief of pain within 
24 hours or less.'2 


Resolves Inflammation —Fever subsides and local heat, tenderness and swelling regress 
quickly.'34 “In the majority of cases there was complete resolution by the fourth day.”5 7 ae 


Permits Early Ambulation—“As a rule within 24 hours, most patients were able to get 13 
up and walk about....”' This rapid response to BUTAZOLIDIN greatly reduces disability 3 
and economic loss for patients. 


Short Course of Treatment—Most patients require only from 2 to 7 days’ therapy.' 4 


BUTAZOLIDIN® (phenylbutazone GEIGy). Red coated tablets of 100 mg. BuTAzOLipIN Alka Cap- 
sules, each containing BuUTAZOLIDIN 100 mg.; aluminum hydroxide 100 mg.; magnesium trisilicate 
150 mg.; homatropine methylbromide 1.25 mg. 


BUTAZOLIDIN being a potent therapeutic agent, physicians unfamiliar with it are urged to send 


for literature before instituting therapy. EB 
References: (1) Stein, I. D.: Circulation 12:833, 1955. (2) Potvin, L.: Bull. Assoc. méd. lang. frang. Canada 85:941, x ns 
1956. (3) Sigg, K.: Angiology 8:44, 1957. (4) Elder, H. H. A., and Armstrong, J. B.: Practitioner 178:479, 1957. ri 


Ardsley, New York (5) Braden, F. R.; Collins, C. G., and Sewell, J. W.: J. Louisiana M. Soc. 109:372, 1957. 
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When tetracycline ti therapy i is indicated - 


References: 1. Council on Drugs, A.M.A.: 
J.A.M.A. 166:52, 1958. 2. Pulaski, E. J.: Prac- 
titioner 179:465, 1957. 3. Cronk, G. A., and 
Naumann, D. E.: Ant. Med. & Clin. er. 
Hubel, 1957. 4. Kaplan, M. A., H. 


and Felix, A. J.: Ibid. 4: 
, ee and Isokane, R. K.: Ibid. 4: 408, 1957. 
7. Putnam, L. E.: Ibid. 4:470, 1957. 8. Rein, 
. Wel Lewis, C. N., Staffa, A. W., and 
Wright, W. ee Ibid. 4:215, 1957. 10. Cronk, 
G. A., ‘Naumann, D. E., and "Casson, K.: Anti- 
biotics Annual, 1957-8 ” ed. by H. Welch and 
F. Marti- Ibanez Medical Encyclopedia, New 
York, i, P,337 1i. Dube, A. H.: Ibid. p. 409. 
Hu KA, Palmeri, B., and Bunn, P. A.: « 
Ibid. p. 443. 13. Ka lan, M. A., Albright, H., 
and Buckwalter, F. H.: Ibid. . 415. at me 
_B., Draper, T., and Wehrle, . F.: Ibid. p. 386, 
“15. Shidlovsky, B. Prigot, ‘'A., A. 
de Ls Felix, A. J., and Hijelt-Harvey, L.: Ibid. 
p. 
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THE ORIGINAL TETRACYCLINE PHOSPHATE COMPLEX 
U.S. PAT. NO. 2,791,609 


1 | Tetrex requires no “activating additive” 


— it is purely tetracycline phosphate complex, with an inherent, 
chemically unique property of being rapidly and efficiently 
absorbed. 


Each Tetrex Capsule contains: 


Active ingredient: TETRACYCLINE PHOSPHATE COMPLEX, 250 mg. 
Excipient: Lactose q s (tetracycline HCI activity) 


2 Tetrex produces "peak high’ tetracycline 
serum levels 


— over 5000 human blood determinations after oral or intramus- 
cular administration have consistently demonstrated fast, high, 
prolonged serum levels in patients of all ages.3+>+7-8.9.10,11,12,13, 14,15 


Tetrex has an impressive documented 
f record of clinical effectiveness 


— more than 170 million doses of tetracycline phosphate com- 
plex in 1957, with 5 published clinical reports by 9 investigators 
on 826 patients.**”*'° Clinical evaluation: “should probably 
be considered an improvement over, and an ultimate replace- 
ment for, the older tetracycline hydrochloride.” '® 


BRISTOL LABORATORIES INC., Syracuse, New York 
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when they won't take time 
to eat what they should... 
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“THE BOHEMIANS’’* BY GERRY GERSTEN 


. or when a diet goes wrong for any reason, 
what’s probably needed first . . . and most... is 


4 @05113 


*Coming your way in color 
next month, Doctor. 
Watch for them inyour mail in June. 


the essential B-Complex. That’s a good time 
to remember Sur-Bex with C. 


a good B-complex... 


sur-B ex with C 


(Abbott’s B-Complex with C) 


Just one Sur-Bex with C tablet a day represents: 


Thiamine Mononitrate................... 6 mg. 
Pyridoxine Hydrochloride................ 1 mg. 
Calcium Pantothenate................. 10 mg. 
Liver, 06 300 mg. 
Brewer's Yeast, Dried.;............... 150 mg. 


As a dietary supplement: 1 or 2 tablets daily 
In convalescence: 2 or more tablets daily 


Obbott 
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Merck Sharp ¢ Dohme 
believe that the 

news on the following ; 

two pages 

is of importance to a 

every practicing physician: a 
oral control of even 
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A new orally potent analgesic 


ANILERIDINE 


unsurpassed even for intense pain 


WHAT INVESTIGATORS SAY: 

* In one series of 100 patients who received 60 mg. of anileridine 
every 4 hours for a 24-hour period, 95% reported relief of pain.! 

* “...a potent analgesic with high oral activity and relatively mild 
side reactions. ... It has a prompt onset of action .. . and a long dura- 
tion of analgesia. ...”? 

* In a series of 300 patients, anileridine, used as a primary anesthetic 
agent, “appeared to be more potent than meperidine, and with the 
drip method, no significant apnea or hypotension occurred. . . . Anal- 
gesia appeared to persist up to three hours postoperatively.” 3 

* “In this study, anileridine was found to be two and one-half times 
as potent an analgesic as meperidine on a milligram basis.” 4 

* In a comparative study of 278 patients “LERITINE’ gave profound 
relief with potency approaching that of morphine with minimal side 
effects. 5 This is illustrated in the following chart: 


CHART 1: COMPARATIVE RELIEF OF POSTOPERATIVE PAIN (3-Day Period) 
Percentage of Adult Patients Experiencing Complete Pain Relief 


"LERITINE 


DRUG 
MORPHINE 
DRUG “B”’ 


DRUG 
60 9 90 100 
Long-acting ‘LERITINE’ gave profound relief with fewer doses in this study of pain 
control in 278 patients after surgery. The patients were observed during three post- 


operative days to compare the analgesic potency of anileridine, morphine sulfate and 
three other narcotic analgesics. 
Onset of relief was from 10 to go minutes after intramuscular injection of anileridine. 


Duration of relief varied from 2-8 hours. No side reactions or toxic effects from ani- 
leridine were encountered. 


~ 
Ay 
16 
ta 
5 
3 
= 
j 
“8 
ral 
ey } 
- 
a 
+} 
‘ 
5 
| 
~ 
af 
» 
as 


17 


LERITINE 
consistently gives profound relief 
Anileridine 00C2Hs 
"LERITINE’ relieves pain and dispels apprehension both pre- 
and postoperatively. ts 
2 
‘LERITINE’ has provided good obstetric analgesia either alone 
or with scopolamine or barbiturates. 


"LERITINE' in recommended doses, orally or parenterally, pro- 
duces significantly fewer and less severe side reactions than those seen with 
certain other potent narcotic analgesics: nausea and vomiting are rare, cen- Fi 
tral nervous system side effects are mild in nature or absent, and effects on 

heart and blood pressure are minimal. 


RECOMMENDED DOSAGE 
ORAL: Adults— 25 mg. repeated every 6 hours if necessary. Up to 50 Tee: 
mg. (or more frequent 25 mg. doses) for severe pain. 

SUBCUTANEOUS & INTRAMUSCULAR: Adults—25 to 50 mg. An initial dose 
of 25 mg. is adequate in most instances for moderate pain. If insuffi- 
cient, 50 mg. should be given, or for unusually severe pain—75 mg. 


For sustained analgesia, ‘LERITINE’ may be administered every four 

to six hours. 

INTRAVENOUS: Adults—5o0 to 100 mg. added to 500 cc. of 5 per cent 

dextrose solution. Inject 5 to 10 mg. slowly, followed by the amount FS 
desired at a relatively slow drip. ‘ 
PRECAUTIONS: The rare instances of respiratory d lepre ssion sometimes Pr 
seen with ‘LERITINE’ and other potent narcotic analgesics can be fe 
readily reversed with the antagonist NALLINI (N-Allylnormor- ae 
phine). ‘LERITINE’ may be habit-forming. Subject to the Federal Bie 
Narcotic Law. 
SUPPLIED: ORAL: Tablets ‘LERITINE’ anileridine, 25 mg. each (pres- Pace 


ent as the dihydrochloride); bottles of 100 and 500. 
PARENTERAL: ‘LERITINE’ available as Injection ‘LERITINE’ aniler- 
idine, 25 mg./cc., (present as the phosphate), in boxes of 25 1-cc. and 
25 2-cc. ampuls and in go-cc. vials. 


1. Keesling, R., Hinds, E. C., and Keats, A. S.: Principles of Drug Evaluations in ee 
Dental Surgery: Antihistamines and Analgesics: (Paper read at the Thirty-fifth Gen. Pigs: 
Meeting of the International Assoc. for Dental Research: Atlantic City, March 21-24, 
1957). 2. Orahovats, P. D., Lehman, E. G., Chapin, E. W.: Pharmacology of Ethyl-l- 
(4-Aminophenethy])-4-Phenylisonipecotate, Anileridine, A New Potent Synthetic Anal- a 
gesic: Journal of Pharmacology and Experimental Therapeutics, Vol. 119, No. I, ‘eae oy 
(January) 1957. 3. Stage, J. T.: Anileridine as an Anesthetic Agent: Journal of the ; we 


Florida Medical Association 44:143-145 (August) 1957. 4. Keats, A. S., Telford, J., Pe ae 
Kurosu, Y.: Studies of Analgesic Drugs: Anileridine Dihydrochloride: Anesthesiology pore 
18:690-697 (September-October) 1957. 5. Riffin, lL. M., Preisig, R., Wheaton, H. H., 
Landman, M. E., and Schwarz, B. E.: “A New Synthetic Analgesic, Anileridine,” a 


Scientific Exhibit, 106th A.M.A. Annual Meeting, New York; June 3-7, 1957. 
Additional information is available to physicians on request. 


MERCK SHARP & DOHME 


DIVISION OF MERCK & CO., Inc., PHILADELPHIA 1, PA. 


Leritine and Nalline are trademarks of Merck & Co., Inc. 
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announcing...oral iron under CHELATE control 


notably effective = 
exceptionally well toler- 


atedmm the safest 
iron to have in 


the home ll 
BRAND OF IRON CHOLINE CITRATE? TRADEMARK 
CHELATED IRON 


*tits iron may be maintained in solution over a greater area 
of the gastrointestinal tract, thus permitting an optimal 
physiological uptake 7% 


"possesses outstanding qualities in terms of 
s freedom from undesirable gastrointestinal 
effects . 79 


et The chelation of iron minimized its toxicity and 
provided a high factor of safety against fatal poisoning. 99 


AVAILABLE AS: CHEL-IRON TABLETS BOTTLES OF 1003 tablets supply 120 mg. 
elemental iron. CHEL-\RON PEDIATRIC DROPS 30-CC. BOTTLES with graduated 
dropper each cc. supplies 16 mg. elemental iron; 0.5 cc. provides 
full M.D.R. for infants and children up to six. cHEL-;RON PLUS TABLETS 
BOTTLES OF 100 3 tablets supply 72 mg. elemental iron plus B,. with 
intrinsic factor, folic acid, pyridoxine, other essential B vitamins, and C. 


*Franklin, M., et al.: Chelate Iron Therapy, J.A.M.A. 166:1685, Apr. 5, 1958. 
7U. S. Pat. 2,575,611 


(Aiccvarvess) KINNEY & COMPANY, INC. COLUMBUS, INDIANA 
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BUTIB 


has many unique advantages as an antispasmodic-sedative... iim 
Butibel contains (per tablet or 5 ce.): : 


BUTISOL SODIUM® 10 mg. (%% gr.) 
Butabarbital Sodium 
“daytime sedative” with less risk of accumulation 


or development of tolerance. 


Ext. Belladonna 15 mg. (14 gr.) 

Natural belladonna and Butisol have approxi- 
mately equal durations of action (no overlap- 
ping sedation or inadequate spasmolysis). 
Butibel tablets...elixir... 
-Prestabs® Butibel R-A (Repeat Action Tablets) 


LABORATORIES, INC. 
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a new specific 
moniliacide MICOFUR™ and 


brand of nifuroxime 


the established specific 


trichomonacide FUROXONE’ | 


brand of furazolidone 


TRICOFU 


VAGINAL SUPPOSITORIES AND POWDER : 


g@ RAPID RELIEF OF BURNING AND ITCHING OFTEN WITHIN 24 HOURS 
mw ELIMINATES MALODOR ESTHETICALLY ACCEPTABLE, NON-IRRITATING 
85% CLINICAL CURES* In 219 patients with either trichomonal vaginitis, : es 
monilial vaginitis, or both, clinical cures were secured in 187. Bam. 


71% CULTURAL CURES* 157 patients showed negative culture tests at 3 
months’ follow-up examinations. 


Simple two-step treatment swiftly brings relief and 
control of vaginal moniliasis and trichomoniasis. 


STEP 1 Office administration of TRICOFURON VAGINAL POWDER IMPROVED 
Applied by the physician at least once a week, except during menstruation. 


(Micofur 0.5% [anti 5-nitro-2-furaldoxime], the new nitrofuran fungicide, and Furoxone 
0.1% in an acidic, water-soluble powder base). Plastic insufflator of 15 Gm., with 3 
sanitary disposable tips. Also glass bottle of 30 Gm. 


STEP 2 Continued home use to maintain moniliacidal-trichomonacidal 
action: TRICOFURON VAGINAL SUPPOSITORIES IMPROVED Employed by the 
patient each morning and night the first week and each night thereafter — 
through one cycle, especially during the important menstrual days. 


(Micofur 0.375% and Furoxone 0.25% in a water-soluble base). 


Box of 12 wedge-shaped suppositories without applicator. 
*Combined results of 12 clinical investigators. Data available on request. 


l } NITROFURANS—a new class of antimicrobials—neither antibiotics nor sulfonamides 
° EATON LABORATORIES, NORWICH, NEW YORK ae 
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‘square meals in round bottles’’ 


Amigen 800 


Amigen 5%, Levugen 12.5%, Alcohol 2.4% 


Amigen 800 provides the patient with more food per day—more of a “‘square meal’’—than any other 
parenteral solution. It provides amino acids to build tissue, extra calories to spend for energy—and main- 
tenance electrolytes and water. Patients receiving Amigen 800 usually maintain their weight and some- 
times gain. For details of the complete Mead Johnson Fluid Therapy Program write to Parenteral Division, 
Mead Johnson & Company, Evansville 21, Indiana. 


so.tutions Standard - Aimigen - Homeolyles® - Levugen® 
Equipment  80lution sets + blood sets and bottles 


services therapy guides - teaching aids 


Mead Johnson 


Symbol of service in medicine 
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hyperacidity 
hypermotility 


antisecretory —antispasmodic 


~ 
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Antrenyl, a potent antisecretory and antispasmod- 


ic, effectively relieves 
+, 


the gastrointestinal 
peptic ulcers. Of 70 ; 
denal or gastric ulc« 


tis, post-ileostomy, fun 


respond adequately to 
acids, sedatives, be 
cholinergics), 52 ot! 
Antrenyl (74.3%).° 
other anticholinergi: 


therapeutic advantage 


1. Notkin, L. Canad. M 


Supplied: TABLETS, 
Syrup, 5 mg. per 4-mi. te 


ANTRENYL® bromide (o» 


spasm, acidity and pain of 
and promotes healing of 
tients whose condition (duo- 
pastiec colon, ulcerative coli- 
onal diarrhea) had failed to 
ther forms of therapy (ant- 
nna, atropine, other. anti- 
| satisfactory results with 
ubstitution of Antrenyl for 
erapy constituted a distinct 
or this group of patients.”" 


AJ. 73:585 (Oct. 1} 1965. 


red): bottles of 100, 500 and TOGO: 


hottiac H7 mint 
OF 2 Pint 


iphenonium bromide CIBA) 


2/ 


i 


px, 
a 
» 
| ~ 
g 
| 
& 
; 
4 
nh 
iv 


SUPPLIED: 

CAPSULES cOmain 250 mg. tetracycline 
Hol equivalent (phosphate-buffered) 
and 250,000 units Nystatin. ORAL SUs- 
PENSION (cherry-min' flavored) Each 
5 cc. teaspoonful contains 125 meg. 
tetracycline Hel ¢cuivaicnt (phosphate- 
buffered) and 125,000 units Nystatin. 


DOSAGE: 


Basic Ofal dosage (6-7 me. per Ib. body 
weight per day) in the average adult is 
4 capsules or 8 tsp. of AcHROSTATIN V 
per day, equivalent ‘o | Gm. of ACHRO- 
MYCIN Y. 


*Trad fReg. U. S. Pat. Off. 


Monilial overgrowth 


Combines ACHROMYCIN V with NYSTATIN 


ACHROSTATIN V combines ACHROMY- 
ciInt V...the new rapide@eting oral 
form of ACHROMyYc!N' Tetracycline... 
noted for its outstanding’ effectiveness 
against more than 50 different in- 
fections and NysTaTiIn the anti- 
fungal specific. ACHROSTATIN V pro- 
vides particularly cilective therapy ‘or 
those patients prone to monilial over- 
growth during a protracted course 0! 
antibiotic treatment 


LEDERLE LABORATORIES AMERICAN CYANAMID COMPANY, PEARL RIVER, FORE Lederle ) 
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In sulfa therapy with Lipo Gantrisin, 
you determine the number of doses per ; — 
day. Depending on the situation of the E ai 
patient, and the persons responsible for —— re 
his care, you can prescribe two, four, or 
six doses of Lipo Gantrisin per 24 hours. ees F 
The prolonged, complete absorption 
phase of Lipo Gantrisin continues for up 
to 12 hours; you can maintain therapeu- 
tically effective lymph and urine levels, as 

well as adequate blood levels, on what- 
ever regimen you choose. : 


Lipo Gantrisin 
Spe Roche Laboratories 


Division of Hoffmann-La Roche Inc. 
Nutley 10, N. J. 


Lipo Gantrisin® Acetyl — brand of acetyl! sulfisoxazole. Each teaspoon- 
ful (5 cc) contains the equivalent of 1 Gm Gantrisin (in the form of Gan- 
trisin Acetyl) in a palatable, readily digestible homogenized mixture. i Py 
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Antibacterial therapy with two doses daily 


Description: With Lipo Gantrisin, therapeutic blood levels can usually be 
maintained 12 hours with a single dose. Lipo Gantrisin contains Gantrisin 
Acetyl emulsified in a readily digestible vegetable oil for higher and more 
prolonged blood levels. Each teaspoonful (5 cc) is equivalent to 1 Gm of 
sulfisoxazole (Gantrisin) in the form of acetyl sulfisoxazole. 


Properties: Two doses a day of Lipo Gantrisin are adequate. Like Gantrisin, 
Lipo Gantrisin can be employed without alkalies and with little danger of 
renal blocking. 


Indications: Systemic and urinary tract infections due to susceptible micro- 
organisms. 


Advantages: Dosage schedule adjustable to the patient’s requirements .. . 
higher, more prolonged blood levels . . . wide antibacterial spectrum .. . 
virtually no danger of renal blocking . . . no need for alkalies . . . especially 
convenient for children. 


For dosage and supply refer to PDR, page 760. 
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| of adverse reactions. 


_cessary (or 
morphine or 
ties, even in 


eases of late cancer 


Three Strengths — 


PHENAPHEN NO. 2 
Phenaphen with Codeine Phosphate 1% gr. (16.2 mg.) 


PHENAPHEN NO. 3 


Phenaphen with Codeine Phosphate 4 gr. (32.4 mg.) —— 
PHENAPHEN NO. 4 — 
Phenaphen with Codeine Phosphate 1 gr. (64.8 mg.) > 


Also — 

PHENAPHEN Hein each capsule 2 
Acetylsalicylic Acid 2% gr. . (162 mg.) 
Phenacetin 3 gr. ....... (194mg.) \ 
Phenobarbital % gr...... (16.2 mg.) ] 
Hyoscyamine sulfate... .. (0.031 mg.) 


Robins 
~ A. H. ROBINS CO., INC., RICHMOND 20, VIRGINIA 


Ethical Pharmaceuticals of Merit since 1878 
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therapeutic 
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respiratory infections 
gastrointestinal infections 
genitourinary infections 
miscellaneous infections 


immediate 


Squibb Crystalline Tetracycline Phosphate plex 


intramuscular 


250 mg. per 1 dose vial 
100 mg. per 1 dose vial 


™ when oral therapy is contraindicated (vomiting, dysphagia, 
intestinal obstruction, gastrointestinal disorders) 


® when the patient is comatose or in shock 

postoperatively 

1. fast peak blood and tissue concentrations 

2. high cerebrospinal levels 

3. for practical purposes, Sumycin is sodium-free 


Each vial contains tetracycline phosphate complex equivalent 
to 250 mg., or 100 mg., of tetracycline HCI. (Note: 250 mg. 
dose may produce more local discomfort than the 100 mg. 
dose.) 


FLEXIBLE DOSAGE FORMS FOR CONTINUING ORAL THERAPY 


Tetracycline phosphate 
complex equiv. 
tetracycline HCI (mg.) Packaging 


Capsules (per capsule) 250 Bottles of 
Half Strength Capsules 125 Bottles of 
16 and 100 
Suspension 125 60 cc. bottles 
___ (per 5cc.teaspoonful) 
Pediatric Drops 100 10 cc. bottles 


(per cc.—20 drops) ee ___ with dropper 


Squibb Quality—the Priceless Ingredient 


“SUMYCIN'® A SQUIBB TRADEMARK ASTRA PHARMACEUTICAL PRODUCTS. INC, 
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bronchial asthme, 


ensg med. Venezo 
Corona, L.: Meticor#im 
quimico (Meticorten 
cal study), Presentim 
Janeiro, November 

osteoarthrosis), 
(16) Bianchi, 
rheumatoid arthritis 


THE FACTS ON SAFETY WITH Ss As ak 


tion 
Atlantic City,-June 


J. J.: Observations 


MIETICORTEN 


prednisone 
W.: Preliminary 

First internat. Con 

E. W.: California 


based on published experience in 4,279 patients 


Conf. Meticorten, N 
Acad. Med. New Jej 


PEPTIC ULCER....... less than 114% 


Preliminary observat 
properties of metacc 


OSTEOPOROSIS ........ only % of 1% 


and Bollet, A. J.: : 
and Bauer, W.: A comm 
nitrogen, and carboh 


PSYCHOSIS....... less than % of 1% 


A.; Or L.; 
Philadelphia, W. Bie 
‘Wallace, E. Z., and 
secretion in the 


rarely seen with 1085. 
(47) Cohen, A.; Tula 
with 


(49) Craver, L. 
Virginia M. Month, 


often reported with the ) dermatologic side effects 


experiences with 


more recent steroids 
R C.: J.A.M. 


and Studies on 
lained leg cramps 
never reported with DS; 


METICORTEN- 
noted with the headaches, tiredness, Bosca Canny 


of metacortandracin 
ac, E. 


Ginoulhia 
Guly 4) 1955. (67) 


more recent steroids weakness, anorexia and Carbone, 


secretion in man, Fi 
(68) Freislederer, ¥V 
H.: Experiences 


1, 2.5 and 5 mg. white tab lore for i ti 
g. white tablets eng 


SCHERING CORPORATION + BLOOMFIELD, NEW JERSEY 


nothing takes the place of experience especially in long-term steroid therapy t. 32) 
E. J. Al 
baleta, I., and Pa 
Clinical experiences 
‘Rio de Janeiro and &§ 
4:262, 
sorders 
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eticorten, New 
ter 27:324 (May 
s. Chest 27:515, 
Studies of 
ternat. Conf. Metic® 
4 
all 
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> 
8:545, 1955. (55) 
Sipe 
Rheuriat., Rio de 
‘Me**;ort:= in 
Yor. 31 and 
s 
corten, New York, Mage 
et al.: Treatment of Buus 
cortandracin, Ann. 
(82) Henderson, E.: Bie 
Jersey State M. Soc. 
in press. (83) 
B.; Periman, P. OR 
Inf Payne, C. ©. 


TABLET 


For the 
“the most effective available colonic anticholinergic drug.” 


“..-Telieves or reduces diarrhea, distention and pain in many patients with 
functional or organic colon disorders.”” 


in ulcerative colitis, irritable colon, mucous colitis, spastic colitis, diverticulitis, 
diverticulosis, rectospasm, diarrhea following G.I. surgery, bacillary and parasitic dis- 
orders. 


activity “...confined principally to the lower gastro-intestinal tract...”> and 

“,..singularly free of anticholinergic side-effects...,”2 such as blurred vision, dry mouth, 
urinary retention. 

(plain) — Each scored tablet contains 25 mg. of CANTIL. Bottles of 100 yellow compressed tablets. 


with Phenobarbital — Each scored tablet contains 25 mg. of CANTIL and 16 mg of phenobarbital 
(warning: may be habit forming). Bottles of 100 cocoa-brown compressed tablets. CANTIL is the only 
brand of the postganglionic parasympathetic inhibitor N-methyl]-3-piperidyl-diphenylglycolate metho- 
bromide. 
(1) Kieckner, M. S., Jr.: J. Louisiana M. Soc. 108:359, 1956. (2) Riese, J. A.: Am. J. Gastroenterol. 28:541, 1957. 


(3) Kleckner, M. S., Jr.: Clin. Proc. 5:19, 1957. 
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for pain...as effective as codeine 
without codeine’s liabilities 


NON-NARCOTIC 
Potently Analgesic 


Effectively Anti-inflammatory 


2 ZACTIRIN tablets are equiva- 
lent in analgesic potency to 4 
grain of codeine plus 10 grains 
of acetylsalicylic acid. 


Supplied: Distinctive, 2-layer yellow-and- 
green tablets, bottles of 48. Each tablet 
contains 75mg. of ethoheptazine citrate 
and 325 mg. (5 grains) of acetylsalicylic 
acid. 
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Philadelphia 1, Pa. 
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housewife, $l years: 
chief complaints: Failure 


to conceive and irregula: 


menstruation. Other 
findings: Dry skin, britt!c 


nails, lifeless hair, B.r. 


110/70. Tentative diag-— 
nosis of mild hypothy-— 
roidism confirmed by 


laboratory tests. 


AP. salesman, 55 years: 
complains of being “tired 
all the time,” even on 


awakening. Physical 


exam: Vasomotor rhinitis, 
bradycardia (60). 
ther questioning elicited 


complaint of constipa- 
tion, failing memory, 


paresthesia, B.M.R.—10%. q 
Par 3.5 gamma, Diagno- 


Hypothyroidism. 


boy of 8; mother’s 

pmplaint: “He's smalies: 
in nursery and slow 
getting hig teeth.” Ocher 
symptoms: Umbilical 
hernia, underdeveloped 
genitalia, macrogiossia. 
slow reattions. Evidence 


hypothyreidi«n. 
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pattern for 


Mild hypothyroidism, a typical syndrome is often 
manifested by atypical symptoms. Singly, the 
complaints of all these patients could be assigned 
to a variety of conditions. But as you trace the 
one cause common throughout the group—the 
typical pattern of mild hypothyroidism emerges. 
Often one symptom may supply the clue. A pa- 
tient’s paresthesia, a woman's brittle nails, a 
child’s slow teething may first arouse suspicion. 
With further investigation, other symptoms fall 
in line and suspicion may lead to diagnosis. 

For final confirmation the physician may turn to 
the serum PBI test; or, occasionally to empiric 
confirmation by “break-through” therapy with 
triiodothyronine. But even when the existence 
of a hypometabolic state has thus been estab- 
lished (by administration of a synthetic thyroid 
fraction) long-range thyroid substitution is main- 
tained most successfully and safely with a prepa- 
ration supplying all thyroid fractions in their 
naturally occurring proportion. 

Proloid, the total thyroid complex, fits this spec- 
ification perfectly. Proloid is standardized both 
chemically and biologically for metabolic po- 
tency. It assures a smooth predictable clinical 
response, 


Five Proloid tablet sizes give precision and con- 
venience on every dosage level—for the mainte- 
nance of euthyroidism throughout the patient's 
lifetime. Proloid is prescribed in the same dosage 
as ordinary thyroid and is available in 4, ¥, 1, 
14 and 5 grain tablets as well as powder. 


DOSAGE CONVERSION TABLE 


125 mcg. 

£ 100 mcg. 

4 > 75 mcg. 
£ 

> 50 mcg. 

Ua 25 mcg. 


2Qogr. Sgr. 4g9r. Sor. 
daily dose of Proloid 


® the total 
complex 
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when you treat common bacterial infections... 


measures therapeutic success 


Pentids 


Squibb 200,000 Unit Buffered Penicillin G Potassium Tablets 


when an oral penicillin is indicated...prescribe Pentids 


Six years experience by physicians in treating many mil- 
lions of patients with Pentids confirm clinical effective- 
ness and safety. Excellent results are obtained with 
Pentids in many common bacterial infections with only 
1 or 2 tablets t.i.d. Pentids may be taken without regard 
to meals. Pentids are economical ... cost less than other 
penicillin salts. 

DOSE: 1 or 2 tablets t.i.d. without regard to meals 


SUPPLY: Bottles of 12, 100 and 500 tablets 


other Pentids products 

NEW Pentids For Syrup: Squibb Flavored Penicillin Powder: 
when prepared with 35 cc. of water, the preparation pro- 
vides 60 cc. of fruit-flavored syrup, 200,000 units per tea- 
spoonful (5 cc.). 

Pentids Capsules: Squibb Penicillin G Potassium 200,000 
Unit Capsules, bottles of 24, 100 and 500. 

Pentids Soluble Tablets: Squibb Penicillin G Potassium Sol- 
uble Tablets—200,000 units, vials of 12, bottles of 100. 
Pentid-Sulfas Tablets: Squibb Penicillin with Triple Sulfas, 
bottles of 30, 100 and 500. 

These formulations are given % hr. before meals or 2 hrs. 
after meals. 


Squibb Quality—the Priceless Ingredient 


*PENTIOS 1S A SQUIGS TRAOEMARK 
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ABBOTT LABORATORIES 
(Selenium Sulfide, Abbott) had 
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2 IBEROL Filmtabs a day supply: 


THE RIGHT AMOUNT OF IRON 
Ferrous Sulfate, U.S.P........... 1.05 Gm. 

(Elemental Iron—210 mg.) 
PLUS THE COMPLETE 8B COMPLEX 


BEVIDORAL®.......... 1 U.S.P. Unit (Oral) 
(Vitamin B,2 with Intrinsic Factor Concentrate, Abbott) 
Liver Fraction 2, N.F............. 200 mg. 
Thiamine Mononitrate............... S mg. 
Pyridoxine Hydrochloride........... Smg. 
Calcium Pantothenate............... 6 mg. 
PLUS VITAMIN C 


anemia in convalescence 


potent antianemia therapy 
plus the complete B-complex 


another indication for 
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For bacterial diarrheas—new effectiveness... 


1. Powerful new adsorbent... 


five times as adsorbent as kaolin 


Proof of adsorptive superiority 


1 Gm. CLAYSORB plus dye 1 Gm. KAOLIN 5 Gm. KAOLIN 
plus same amount of dye plus same amount of dye 


Dye is completely adsorbed. Much of the dye is still Five times as much kaolin is 
unadsorbed. necessary to adsorb the dye. 


Supplied: Bottles of 8 fl. oz. 


Philadelphia 1, Pa. 


Dihydrostreptomycin Sulfate, Polymyxin B Sulfate, and Pectin with Claysorb* (Activated Attapulgite, 
Wyeth) in Alumina Gel, Wyeth *Trademark 


e POWERFUL NEW ADSORBENT e SYNERGISTIC ANTIBIOTICS 
e LOW DOSE e PLEASANT TASTE e WELL-TOLERATED 
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metaphosphate produced markedly higher blood levels 
than capsules containing either the corresponding 
base or the hydrochloride alone. In addition, the 
average levels derived from the tetracycline base or 
the chlortetracycline base were higher than those pro- 
duced by the corresponding hydrochloride though 
lower than those resulting from the mixture contain-. 
ing the base and sodium metaphosphate. In the study 
with chlortetracycline® capsules containing a mixture 
of the hydrochloride and sodium metaphosphate were 
also included in the crossover, and the average levels 
produced by these capsules were the same as with the 
mixture of chlortetracycline base with sodium meta- 
phosphate. 

Although the enhancement of blood levels of tetra- 
cycline by phosphate, either complexed to the tetra- 
cycline or mixed with the base or the hydrochloride, 
thus seemed fairly well established, some doubts still 
remained because certain reliable observers (includ- 
ing many whose results have not been published) 
failed to confirm the findings with the materials and 


Jan. 9, 1958 


cycline base. Dicalcium phosphate and food resulted 
in lower, and sodium metaphosphate in higher, serum 
antibacterial activity than was observed in their ab- 
sence. Oil and sorbitol did not interfere with tetra- 
cycline absorption. 

Dicalcium phosphate is widely used as a filler in 
various capsules, including those of the tetracyclines. 
The authors cite a large number of other studies that 
implicate the presence of calcium ions as the cause of 
the reduced absorption of tetracyclines and show that 
citric acid can partially neutralize this effect. The 
depressing effect of food on the serum levels of tetra- 
cycline is likewise explained by the goodly amount of 
minerals contained in commercial laboratory diets, 
and they postulate that the multivalent cations may 
be responsible for the poorer absorption of the drug. 
The authors could not explain the failure of citric 
acid to enhance serum concentrations when admin- 
istered with tetracycline base in contrast to ‘ts marked 
effect when given as the hydrochloride. However, 
they hypothesized that the ability of citric acid to 


methods they used. Further confusion seemed to be enhance serum levels of tetrar ~'ine *« ~e' ‘o its 

added by a subsequent report of Welch et al.,’ who, ability to form comple~== ‘en 

in repeating a crossover study with capsules of tetra- ~~vilable for © he 

cycline phosphate complex and tetracycline bre yd ochloride th 

chloride with and without cline th 
phate, foun .Tetracy duced 

. capsu ex- t 

d citric acid, s,s arn reater snes 

erum 10n of t 

higher Detter absorp 
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cretions, eparation stu 
than 


et al’ , These data were based on thoroughly con- 
trolled studies both in rats* and in man’ and include 
additional findings that serve to explain, fairly con- 
clusively, the various discrepancies that have been 
mentioned, 

The experiments in rats® were carried out to study 
the effects of citric acid, dicalcium phosphate, sodium 
metaphosphate, food, oil and sorbitol on the serum 
antibacterial activity produced by the administration 
of tetracycline hydrochloride or tetracycline base. 
Citric acid administered in equal weight with tetra- 
cycline hydrochloride gave the h‘ghest concentrations 
of all the preparations studied. No enhancing effect 
was obtained from citric acid when given with tetra- 


Metracycline hydrochloride, chlortetracycline hydro- 
_ chloride and tetracycline phosphate complex all con- 


al. 4 in their study the capsules 


tained dicalcium phosphate as a filler, whereas the 
capsules containing citric acid and sodium hexameta- 
phosphate did not contain any dicalcium phosphate. 
This could clearly explain the discrepancies noted in 
that study. Likewise, the inconsistencies in other 
studies may very well have been due to the presence 
of calcium as fillers in some of the capsules and not 
in others. 

This, however, fails to explain the most recent find- 
ings of Welch and Wright,’° who compared the ab- 
sorption of three capsules, each containing 250 mg. of 
oxytetracycline hydrochloride — one without any ad- 
juvant, one with 250 mg. of citric acid and the third 
with 380 mg. of sodium hexametaphosphate; no other 


filler was contained in any of these capsules. In triple 
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crossover studies, they ast 
lected one, three and six? 
found that sodium hexa 
average serum concent 
three hours, whereas ¢ 
average levels of oxyte 


tested. 
Editorial. 
R The New England Journal of Medicine. ay 


Enhancement of serum 

J. Pharmacol. Exper. & 7. 
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concentrations of three tetr rd 


apie oral dose in man. 
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Start therapy with one or two 500 mg. , 
tablets of ‘DIURIL' once or twice a day. 


BENEFITS: 


e The only orally effective nonmercurial agent 
with diuretic activity equivalent to that of the 
parenteral mercurials. 


e Excellent for initiating diuresis and maintaining 
the edema-free state for prolonged periods. 


@ Promotes balanced excretion of sodium and 
chloride—without acidosis. 


Any indication for diuresis is an in- 
dication for 'DIURIL’: 


Congestive heart failure of all degrees of severity; 
premenstrual syndrome (edema); edema and toxe- 
mia of pregnancy; renal edema—nephrosis; ne- 
phritis; cirrhosis with ascites; drug-induced edema. 
May be of value to relieve fluid retention compli- 
cating obesity. 

SUPPLIED: 250 mg. and 500 mg. scored tablets 'DIURIL' 
(chlorothiazide); bottles of 100 and 1,000. 


'DIURIL' and 'INVERSINE' are trade-marks of Merck & Co., Inc. 


MERCK SHARP & DOHME - 


Division of MERCK & CO., Inc., Philadelphia 1, Pa. 
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3 INITIATE 'DIURIL' THERAPY 
'DIURIL' is given in a dosage range of from 250 PAS a 
mg. twice a day to 500 mg. three times a day. a 


: ‘ ADJUST DOSAGE OF OTHER AGENTS 


The dosage of other antihypertensive medication 
(reserpine, veratrum, hydralazine, etc.) is ad- 
justed as indicated by patient response. If the 
patient is established on a ganglionic blocking 
agent (e.g., 'INVERSINE') this should be con- 
tinued, but the total daily dose should be zmme- 
diately reduced by 25 to 50 per cent. This will 
reduce the serious side effects often observed with 


ganglionic blockade. 


ADJUST DOSAGE OF ALL MEDICATION 
The patient must be frequently observed and care- 
ful adjustment of all agents should be made to 
determine optimal maintenance dosage. 


BENEFITS: 
e improves and simplifies the management of hypertension 
e markedly enhances the effects of antihypertensive agents 


e reduces dosage requirements for other antihypertensive 
agents—often below the level of distressing side effects 


e smooths out blood pressure fluctuations 
INDICATIONS: management of hypertension 


Smooth, more trouble-free manage- 
ment of hypertension with ‘DIURIL’ 
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Keep 
tube 


It works wonders in 

dry, scaly skin, chafing, chapping, 
detergent rash, diaper rash, 
intertrigo, simple eczema, minor 
burns, excoriation, superficial 
ulcers and fissures. 


ANTIPRURIENT - SOOTHING - HEALING 


Contains vitamins A, D, E, 
and d-panthenol in a 
water-miscible, non-sensitizing base. 


Roche —Reg. U. S. Pat Off. 


ROCHE LABORATORIES 


Division of Hoffmann-La Roche Inc 
Nutley, New Jersey 
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oratories, Ine, Wayne. 


BRING HIM BACK FROM OUTER SPACE 


to feed the inner man 


With REDISOL (vitamin B,.)—new zest for meals. 
Soluble REDISOL tablets (25, 50, 100, 250 mcg.) 
and cherry-flavored REDISOL Elixir (5 mcg. per 
5 cc.) mix readily with liquids. 


REDISOL is a trade-mark of Merck & Co., Inc. 


CYANOCOBALAMIN (CRYSTALLINE VITAMIN B52) 


MERCK SHARP & DOHME 


DIVISION OF MERCK & CO., Inc., PHILADELPHIA 1, PA. 
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PROVED ANTIBIOTIC DIFFUSION 


Tetracycline Phosphate Complex CAPSULES 


PROVIDES 

HIGH 
TETRACYCLINE 
CONCENTRATIONS 
IN BODY FLUIDS 
AND TISSUES 


FOR INTENSIFIED 
BROAD-SPECTRUM 


ANTIBIOTIC CONTROL 


1. Pulaski, E. J., and Isokane, R. K.: 
Antibiotic Med. 4:408, 1957. 

2. Shidlovsky, B. A., et al.: In 

Antibiotics Annual 1957-1958, New York, 
Medical Encyclopedia, Inc., 1958, p. 459. 
3. Buckwalter, F. H., and Cronk, G. A.: 
Antibiotic Med. 5:46, 1958. 


portal vein 


4.8 mcg./ml.2 
(at 2 hrs. 
after 500 mg. dose) 


bile 

33.5 mcg./ml.1 

(max, av.—6 hrs. 

after 2nd 500 mg. dose) 


urine 


50.3 mcg./ml.3 
(av. concentration 
following 500 mg. dose) 


prostatic fluid 


1.77 mceg./ml.1 
(av. at 2 hrs. 
after 2nd 500 mg. dose) 
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LABORATORIES INC 
NEW YORK 


SYRACUSE 


Tetracycline Phosphate Complex 250-100 mg. CAPSULES 


ANAT!’ REPRODUCTION, PAT. PENDING 
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LABORATORIES INC 
SYRACUSE, NEW YORK 


Tetracycline Phosphate Complex 250-100 mg. CAPSULES 


‘DUANAT’ REPRODUCTION. PAT PEN 
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ACTION THE POINT INFECTION 


in 232 respiratory infections: 
All patients infected 

with tetracycline-sensitive 
organisms responded 
satisfactorily ...”! 


in 94 dermatologic infections: 


‘88 per cent... obtained 
excellent or good 
improvement .. .”2 


in 30 g.u. infections: 


effective in all cases of 
urethritis, cystitis, pyuria.!53 


in 103 soft-tissue infections: 


and hospitalization” and 
incidence and magnitude of 
the [surgical] procedures 


was lessened.’4 


‘marked decrease in morbidity 


letrex 


Tetracycline Phosphate Complex CAPSULES 
U.S. Pat. 2,791,609 


For antibiotic action at the foci of infection, TETREx pro- 
vides rapid, uniformly successful control of tetracycline- 
sensitive organisms ...as demonstrated by the results in 826 
systemic and local infections!* (including those illustrated). 


A pure antibiotic compound, not a mixture 
—‘“more rapidly and completely absorbed ...”> than 
tetracycline HCl, providing fast, high 
concentrations in body fluids and tissues. 


Highly flexible in dosage... equally effective on 
b.i.d. (500 mg.) or q.i.d. (250 mg.) schedule!$ with 
equally excellent toleration. 


SupPLIED: TETREX Capsules contain- 
ing the equivalent of 250 mg. tetracycline 
HCI activity; bottles of 16 and 100. New 
TeTREX Pediatric Capsules containing 
the equivalent of 100 mg. tetracycline 
HCI activity; bottles of 25 and 100. 


1. Cronk, G. A., et al.: In Antibiotics Annual 1957-1958, New York, Medical 
Encyclopedia, Inc., 1958, p. 397. 2. Rein, C. R., and Fleischmajer, R.: Antibiotic 
Med. 4:422, 1957. 3. Putnam, L. E.: Ibid. 4:470, 1957. 4. Prigot, A., et al.: 
Ibid. 4: 287, 1957. 5. Council on Drugs, A.M.A.: J.A.M.A. 166:50, 1958. 
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SS 
The combination of declining gonadal function and increased vulnerability 


" to malnutrition conspire to accelerate the aging process. You can protect the 
: aging patient by prescribing a “Clusivol” Geriatric capsule daily. 


There are four important features of “Clusivol” Geriatric: 


1, Vitamins — 12 important nutritional supplements, notably vitamins A 


S and D, the factors of the B complex, and vitamin C. 

7 2. Minerals and trace elements — 10 protective factors to ensure optimal 
“s blood and bone building. 

: 3. Amino acids — lysine and methionine, key amino acids usually lacking 
sf in finicky geriatric diets. 

i 4, Gonadal steroids — estrogen and androgen in small quantities to restore 


Ke the integrity of the body mechanism. 
Supplied: No. 294 — Capsules, bottles of 100 and 1,000. 


GERIATRIC 


potent nutritional elements with steroids 


Ayerst LAsoraTtories * New York 16, N. Y. * MONTREAL, CANADA 
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AN EVER-WIDENING CIRCLE OF THERAPEUTIC INFLUENCE 


Welcome relief can be the rule rather than the exception in the treatment of premenstrual 
tension so often associated with fluid retention. 


Patients report marked improvement of physical and emotional well-being on a simple regimen 
of DiAMOX—'/2-1/2 tablets daily, depending on weight. Treatment begins 6-10 days prior to 


onset of menstruation, or at the onset of symptoms. 
Well-tolerated, a single oral dose of DiAMOx offers convenient daytime diuresis and nighttime rest. 


Supplied: Scored tablets of 250 mg.; Syrup containing 250 mg. per 5 cc. teaspoonful and vials 
of 500 mg. for parenteral use. 


LEDERLE LABORATORIES DIVISION, AMERICAN CYANAMID COMPANY, PEARL RIVER, NEW YORK C Lederie) 
*Reg. U.S. Pat. Off. 
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THIS STUDY SHOWS... 
CONTINUED EFFICACY 


CHLOROMYCETIN 


COMBATS MOST CLINICALLY IMPORTANT PATHOGENS 


Recent reports comparing the effectiveness of various antibiotics against 
commonly encountered pathogens indicate that CHLOROMYCETIN (chlor- 
amphenicol, Parke-Davis) has maintained its high degree of effective- 
ness.!-5 It is still highly active against many strains of staphylococci,!-§ 
streptococci,?:7 pneumococci,” and organisms. 


Z, CHLOROMYCETIN is a potent therapeutic-agent, and because certain blood dyscrasias 

t have been associated with its administration, it should not be used indiscriminately or 

4 for minor infections. Furthermore, as with certain other drugs, adequate blood studies 
should be made when the patient requires prolonged or intermittent therapy. 


REFERENCES: (1) roy, £.; Collins, A. M.; Craig, G., & Duncan, I. B. R.: Canad. M.A.J. 
77:844 (Nov. 1) 1957. (2) Schneierson, S. S. J. Mount Sinai Hosp. 25:52 (Jan.-Feb.) 1958. (3) Koch, R., 
& Donnell, G.: California Med. 87:313, 1957. (4) Waisbren, B. A., & Strelitzer, C. L.: A Five-Year 
Study of the Antibiotic Sensitivities and Cross Resistances of Staphylococci in a General Hospital, paper 
presented at Fifth Ann. Symp. on Antibiotics, Washington, D. C., Oct. 2-4, 1957. (5) Doniger, D. E., & 
Parenteau, Sr. C. M.: J. Maine M. A. 48:120, 1957. (6) Royer, A.: Changes in Resistance to Various 
Antibiotics of Staphylococci and Other Microbes, paper presented at Fifth Ann. Symp. on Antibiotics, 
Washington, D. C., Oct. 2-4, 1957. (7) Hasenclever, H. F: J. lowa M. Soc. 47:136, 1957. (8) Josephson, 
J. E., & Butler, R. W.: Canad. M.A.J. 77:567 (Sept. 15) 1957. (9) Rhoads, P. S.: Postgrad. Med. 21:563, 
1957. (10) Holloway, W. J., & Scott, E. G.: Delaware M. J. 29:159, 1957. 


PARKE, DAVIS & COMPANY - DETROIT 32, MICHIGAN 
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IN VITRO SENSITIVITY OF FOUR COMMON PATHOGENS 
TO CHLOROMYCETIN FROM 1952 TO 1956* 


STAPHYLOCOCCUS PYOGENES 


ESCHERICHIA COLI 


PROTEUS MIRABILIS 


27% 
86% 

64% 


PSEUDOMONAS AERUGINOSA 
38% 
1955 (113 STRAINS) 25% 
1954 (102 strains) 15% 
1953 (78 STRAINS) 17% 
1952 (51 STRAINS) 


0 10 20 30 40 50 60 70 80 90 


*Adapted from Roy and others.1 
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(oxanamide ) 


TRANQUILIZER 
THAT WILL 


SHORT 
DROWSINESS 


for quieting 


QUIACTIN—in the recommended dose—one 400 mg. 
tablet q.id., provides greater tranquility with less 
drowsiness and more prolonged activity.! QUIACTIN 
is remarkably nontoxic, noncumulative and has no 
withdrawal symptoms.’ 

Structurally, QUIACTIN is a completely new tranquil- 
izer... therapeutically, it’s different...stops before it 
goes farther than patient comfort or safety allows. 
QUIACTIN does not push the patient beyond tranquility 


into lassitude, dullness, depression. 


1. Proctor, R. C.: Dis. Nerv. Sys. 18:223 1957. 2. Feuss, C. D., and Gragg, 
L., Jr.: Dis. Nerv. Sys. 18:29, 1957. 3. Coats, E. A., and Gray, R. W.: Dis. 


Nerv. Sys. 18:191, 1957. Registered Trademark: Quiactin 
THE WM. S. MERRELL COMPANY 
New York + CINCINNATI + St.Thomas, Ontario Wiseroll 


Another Exclusive Product of Original Merrell Research SINC € 18 am 


f 
4 = 
a 
4 7 


te] CONSCIOUSNESS FROM... 


hepatic coma 


associated with high blood ammonia levels 


For the treatment of coma and other enceph- 
alopathies in certain liver diseases associated | 
with high blood ammonia levels, Glutavene oe 
supplies monosodium I-glutamate and Gluta- + 
Ywene-K supplies monosodium and monopotas- 
sium {-glutamate. These agents reduce ammo- 
nia blood fevéls through amidation, a reaction sae 
betwea@m glutamate and ammonia to form glu- 


ong. adult, 100 pounds or 

coo cc. (25 gram) vial are 
miixe th 410% glucose in water. 
This amount mously during a 4-hour 


ried. 


New England J. Med. 253; 
MAL 166:764 (Feb. 15) 


/KES-BARNES LABORATORI 
Jersey 


m, J., and Riddeli, 
55. 2. Watson, 


BRING HIM BACK FROM OUTER SPACE 


to feed the inner man Riek, 


With REDISOL (vitamin B,.)—new zest for meals. 
Soluble REDISOL tablets (25, 50, 100, 250 mcg.) 


and cherry-flavored REDISOL Elixir (5 mcg. per 
5 cc.) mix readily with liquids. AJ 
REDISOL is a trade-mark of Merck & Co., Inc. ay 


MERCK SHARP & DOHME 
DIVISION OF MERCK & CO., Inc., PHILADELPHIA 1, PA. 
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you 
can 
4 determine 
: gastric 
acidity 
simply, 
effectively 
and 
without 
intubation, 
use new 


Blue 


Squibb Azure A Carbacrylic Resin Diagnostic Test 


Diagne 


... the visual color test for gastric acidity 


How to Use 

1. The patient takes Diagnex Blue orally. 

2. Urine samples are returned to the physician. 

8. Simple color comparison denotes gastric acid status. 


Advantages 

¢@ a simplified, visual method without intubation 

e highly dependable results 

e time-saving convenience—can be used right in the office 
@ no fluorescent light or other special equipment needed 


SQUIBB 
,—= 


Indications 

The Diagnex Blue test is a simple, highly useful step 

in the diagnosis of conditions associated with abnormal 

SQUIBB gastric acid secretion. According to Goldbloom and l 
his associates, “‘the test for achlorhydria is extremely 


me the Priceless Ingredient valuable in the diagnosis of pernicious anemia, 
' cancer of the stomach, and gastric polyps.” 
f Boxes of 5 and 50 Diagnex Blue test units with comparators. 


Goldbloom, A. A., Feinstein, M. A. and Eiber, H. B.: Am. J. Dig. Dis., 22:288, 1955. 
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“This substance [Vitamin K,] 
" | has added greatly to the 
‘ safety of anticoagulant therapy” 


7 reverse anticoagulant-induced hypoprothrombinemia 


VITAMIN 


the only available preparation chemically identical with naturally-occurring vitamin K,... i 
“has a more prompt, more potent and more prolonged effect than the vitamin K analogues’ eee 


: 

Dosage: Orally, to modify anticoagulant effects: 5 to 10 mg: intially; 15 to 25 — 
mg. for more vigorous action. Intravenously, for antigoagulant- -induced bleeding 
@mérgencies, 10 to 50 mg.; may be repeated as indig@ited by sombin time 
‘-fesponse. (Some clinicians advise their patients t6 keep a suppiy of tablets on 

hand at all times; if gross bleeding oceurs, the patients: sare take 

10 mg. and phone the doctor.!) 


Supplied: Tablets, 5 mg., bottles of 100. Emulsion, cach -ce. con: 
’ tains 50 mg., boxes of 6 ampuls. 


Other indications: To normalize prothrombin tine alee surgery, in 
obstructive jaundice, hepatic disease, impaired gastrointestinal absorption, 
deficiency of yitamin K in the newborn, and following the administration 
aq of antibiotics, sulfonamides, and salicylates. ‘Mephyton’ is a valuable — 
: addition to the physician’s bag for emergency use. 


sl) MERCK SHARP & DOHME 
DIVISION OF MERCK & CoO., Inc., PHILADELPHIA 1, PA. 


Mephyton Is a trade-mark of MERCK & CO., Inc. 


1. Wright, I. S.: Early use of anticoagulants in treatment of myocardial infarction, J.A.M.A. 163: 918-921, March 16, 1957. . 
2. Council on Pharmacy and Chemistry: New and Nonofficial Remedies, Philadelphia, J. B. Lippincott Co., 1956, p. 505. 
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its high corn oil content will not elevate 
blood cholesterol levels 


In Emdee Margarine, 80% of the fat 
content consists of nonhydrogenated 
corn oil which has been specially 
processed to preserve its original 
content of unsaturated fatty acids. 
Each 100 Gm. provides 34 Gm. of 
linoleic acid and 18 Gm. of other 
unsaturated fatty acids. 


Daily use of Emdee Margarine instead 
of customary tablespreads and cooking 
fats puts a safety factor in the diet... 
assures patient acceptance...provides 
a liberal intake of the unsaturated fatty 
acids believed essential in metabolism 
and important in control of blood 
cholesterol levels. 


Supplied in 1 pound cans, to be kept refrigerated when not in use. 


*Trademark 


PITMAN-MOORE COMPANY 


DIVISION OF ALLIED LABORATORIES, INC. ¢ INDIANAPOLIS 6, INDIANA 
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HYPERTENSIVE...yet controlled 


with safer combination therapy 


“objective relief... gratifying” 


Rauvera—the combination of alseroxylon 
and alkavervir—is much more effective 
than either drug alone. This combination 
produces “no postural hypotension, no 
organ toxicity, and no sensitization 
reactions. Tolerance does not develop on 
prolonged administration... hypotensive 
action is steady and prolonged and 
persists over the entire twenty-four 
hours.'” Rauvera therapy can be 
continued over long periods of time. 


“subjective relief...even more so’” 


Alseroxylon and alkavervir “‘when 
combined produce mutual reinforcement 
so that... more severe cases respond,”’ yet 
**side effects are minimal.’’? Most 
patients feel better, are less tired and are 
free from headaches.’ Anxiety and 
tension are relieved... pulse rate 
slowed...such symptoms as “‘heart 
consciousness,”’ tinnitus, vertigo, 
giddiness and insomnia disappear rapidly 
—leaving a calm and relaxed patient. 


RAUVERA’ 


Each scored tablet of Rauvera contains 1 mg. purified Rauwolfia serpentina 
alkaloids (alseroxylon) and 3 mg. alkavervir, biologically standardized. 


1, Bendig, A.: New York State J. M. 66:2523, 1956. 2. La Barbera, J. F.: Med. Rec. and Ann. 50:242, 1956. 3. Gilchrist, A. R.: Brit. M. J. No. I1:1011, 1956, 


SMITH-DORSEY « a division of The Wander Company « Lincoln, Nebraska 
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FILIBON offers 

complete vitamin-mineral supplementation 

for pregnancy and lactation, with these im- 

portant extras... 

e new, better tolerated source of iron 

e noninhibitory intrinsic factor to aug- 
ment absorption 

* important trace elements 

¢ prophylactic vitamins B,; and K 


So she won't forget FILIBON... 


e the FILIBON Jar, fashioned for her, will 
keep her on the regimen you prescribe 

¢ FILIBON capsules are small, easy to 
swallow 

e the FILIBON dosage is convenient—only 
one a day 


Each soft-shell FILIBON 


capsule contains: Ferrous Fumarate . 90 mg. 
Vitamin A 4,000 U.S.P. Units Iron (as Fumarate) = mg. 


Vitamin D 400 U.S.P.Units 
Thiamine 

Mononitrate (B1) 3 mg. 
Pyridoxine (Bé) . . 1 mg. 
Niacinamide ... 10 mg. 
Riboflavin (B2) . . 2 mg. 
Vitamin Biz . 2 mecgm. 
Ascorbic ‘Acid (Cc) 50 mg. 
Vitamin K 

(Menadione) .. 0.5 mg. 
Folic Acid .... 1 mg. 


Intrinsic Factor . mg. 
Fluorine (CaF2):. 013 mg. 
Iodine (KI). még. 
Potassium (K2804) 0. 0335 mg. 
Manganese (MnOz2) 0.05 mg. 


(MgO) 0.15 mg. 


Molybden 
Zine (ZnO) . mg. 


Calcium Carbonate 08 mg. 


in the picture...during pregnancy 


PHOSPHORUS-FREE PRENATAL VITAMIN-MINERAL SUPPLEMENT LEDERLE 


posace / one or more 
capsules daily 


SUPPLIED / attractive 
re-usable bottles 


of 100 capsules 


LEDERLE LABORATORIES, a Division of AMERICAN CYANAMID COMPANY, Pearl River, New York C Lederte) 


*Trademark 


= 
: 
ALIBON" 


new, lifesaving 


brand of nitrofurantoin 


intravenous solution 
for severe infections 


A WIDE RANGE OF 
CLINICAL USEFULNESS... 


in systemic infections such as septicemia (bactere- 
mia), peritonitis, and other bacterial infections as of 
postoperative wounds and abscesses. Jn severe geni- 
tourinary tract infections when the patient is unable 
to take FURADANTIN per os. 


-»» AND A WIDE RANGE OF 
BACTERICIDAL EFFECTIVENESS... 


wide-spectrum activity against most common patho- 
gens e clinically effective against many antibiotic- 
or sulfonamide-resistant genera such as Aerobacter, 
Staphylococcus, Proteus, and certain strains of 
Pseudomonas. 


.»»- WITH CERTAIN UNIQUE ADVANTAGES 


e negligible development of bacterial resistance 
e no reports of renal, hematopoietic or hepatic toxi- 
city eno monilial superinfection e safe for continu- 
ous use without danger of thrombophlebitis 

Full dosage instructions and discussion of indications 
and side effects are enclosed in each package. 
FURADANTIN Intravenous Solution is available to all 
hospital pharmacies. 


NITROFURANS~—a new class of antimicrobials — onl 
neither antibiotics nor sulfonamides vs 


EATON LABORATORIES, NORWICH, NEW YORK 
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An added benefit for hypertensive patients | 


CIBA antihypertensive agents 
reduce cholesterol > 
and lipoprotein levels 


Reports of the cholesterol- and lipoprotein-reducing 


properties of Serpasil, Apresoline and the ganglionic 
blockers have come from several groups of investi- 2 : 
gators. Corcoran et noted that atherosclerotic 
complications were less common in those with good 4 ee 
responses to antihypertensive treatment than those , 
with fair or poor response. Under Apresoline ther- 3 ? 
apy, the average depression of cholesterol in 112 Bee 
unselected hypertensive patients was 29 mg.; “... ee 


among the 66 with high control levels the fall was 
48.2 mg. in the first six months, and thereafter 
43.5 mg. per 100 ml. of plasma.”? Within a group 
of 9 geriatric patients given reserpine, “. . . seven 
patients showed a definite drop in the blood level 
of the heavier and more compact lipoprotein mole- 


cules .. 


When planning a program to reduce blood-pressure 
levels, consider the added benefits of these CIBA 


antihypertensive agents: 


Sel a il. A li 


1. Corcoran, A. C., Lewis, L. A., Dustan, H. P., and Page, I. H.: tare, 
Ann. New York Acad. Sc. 64:620 (Nov. 16) 1956. 2. Perry, H. M., Jr., < ie 
and Schroeder, H. A.: J. Chronic Dis. 2:520 (Nov.) 1955. 3. Galioni, ( 
E. F.: California Med. 85:97 (Aug.) 1956. 


APRESOLINE® hydrochloride (hydralazine hydrochloride CIBA) 
SERPASIL® (reserpine CIBA) 


2/2566MB 
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4 Doctors cant help shingles? 
ms Physicians who have used PROTAMIDE extensively deplore such 


statements as unfortunate when they appear in the lay press. They 


have repeatedly observed in their practice quick relief of pain, 


even in severe cases, shortened duration of lesions, and 


i greatly lowered incidence of postherpetic neuralgia when 

: PROTAMIDE was started promptly. A folio of reprints is 

: available. These papers report on zoster in the elderly — 

the severely painful cases — patients with extensive 

: lesions. PROTAMIDE users know “shingles” can be helped. 

PROTAMIDE' 

Detroit 11, Michigan 


Available: Boxes of 10 ampuls— prescription pharmacies. 
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yueous suspension. 
tablets, of 


| whenever 
| isimpractical 


Carrier unto himself 


Once he is infected with athlete’s foot, he is likely to remain a “carrier 
unto himself,” even without re-exposure. Daily routine application 
of Desenex protects against reinfection and recurrence. 


n PX: fast relief from itching 
prompt antimycotic action 


a OINTMENT — POWDER 


SOLUTION continuing prophylaxis 

; NIGHT and DAY treatment 

. : AT NIGHT — Desenex Ointment (zincundecate) 1 oz. tubes. — 

: ; DURING THE DAY — Desenex Powder (zincundecate) — 11% oz. container. 
e ALSO — Desenex Solution (undecylenic acid) — 2 fl. oz. bottles. 

: In otomycosis — Desenex Solution or Ointment. 

Write for samples. 

s MALTBIE LABORATORIES DIVISION * WALLACE & TIERNAN, INC. « Belleville 9, N. J. 
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Gastric distress accompanying “predni-steroid” 
therapy is a definite clinical problem —well 
documented in a growing body of literature. 


*“In view of the beneficial re- 
sponses observed when antacids 
and bland diets were used concom- 
itantly with prednisone and predni- 
solone, we feel that these measures 
should be employed prophylacti- 
cally to offset any gastrointestinal 

> side effects.”’>—Dordick, J. R. et al.: 
N. Y. State J. Med. 57:2049 (June 
15) 1957. 


*“It is our growing convic- 
tion that all patients receiving 
oral steroids should take each 
dose after food or with ade- 
quate buffering with aluminum 
or magnesium hydroxide prep- 
arations.”—Sigler, J. W. and 
Ensign, D. C.: J. Kentucky 
State M. A. 54:771 (Sept.) 1956. 


*“The apparent high inci- 
dence of this serious [gastric] 
side effect in patients receiving 
prednisone or prednisolone 
suggests the advisability of 
routine co-administration of an 
aluminum hydroxide gel.”— 
Bollet, A. J. and Bunim, J. J.: 
J. A. M. A. 158:459 (June 11) 
1955. 


One way to make sure that patients receive 
full benefits of “predni-steroid” therapy plus 
positive protection against gastric distress is 
by prescribing CO-DELTRA Of CO-HYDELTRA. 


PREDNISONE BUFFERED 


multiple compressed tablets 


PREDNISOLONE BUFFERED 


provide all the benefits 
of “Predni-steroid” therapy— 
plus positive antacid protection 
against gastric distress 


2.5 mg. or 5.0 mg. of prednisone 
or prednisolone, plus 300 mg. of 
dried aluminum hydroxide gel 
and 50 mg. magnesium trisili- 
cate, in bottles of 30, 100, 500. 


MERCK SHARP & DOHME oivision of mERCK & CO., Inc., Philadelphia 1, Pa. €&D> 
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CONTROLS 
DEPRESSION 


3 WITHOUT STIMULATION 

‘3 

z Relieves depression without masking it with artificial elation Restores 
8 natural sleep without depression-producing aftereffects Reduces de- 
an pressive rumination Often makes electroshock therapy unnecessary 
Deprol acts promptly and has a simple dosage schedule. No known liver 
3 toxicity. No effect on blood pressure, appetite. No effect on sexual function. 
: 


Side effects are minimal and easily 
controlled by dosage adjustment. 
Does not interfere with 

other drug therapy. 


a Composition: Each tablet contains 400 mg. 
meprobamate and 1 mg. 2-diethylaminoethy! 


Ke benzilate hydrochloride (benactyzine HCl). 

Recommended Starting Dose: 1 tablet q.i.d. 
Literature and samples on request 

®WALLACE LABORATORIES 

: New Brunswick, N. J. 


a 
| 
- 
= 
: 


“MOTHER” 
by A. Lewin-Funke 


Courtesy of 
The Metropolitan Museum of Art 


LAS 
* 


lassic therapy 


for preventing and healing 


diaper rash 


excoriation, chafing, irritation 


DESITIN 
OINTMENT 
enduring in its efficacy 


... pleasing in its simplicity 
... exemplifying pharmaceutical elegance 


SAMPLES on request DESITIN CHEMICAL COMPANY 


812 Branch Ave., Providence 4, R. I. io. 


q 
> 
F 
4 
| 
f 
j 
; 
f 
/ ~ E 
J 2 
| 
¥ 
im 
: 
ms 


64 


ouauity /meseancn /mttomry 


Especially valuable in the management of peptic ulcer patients 


The selective anticholinergic 
action of ‘Elorine Chloride’ has 
been shown to produce a “pro- 
nounced and significant’”’ decrease 
in mean gastric volume, free and 
total acid, and pepsin output.! It 
also effectively reduces hypermo- 
tility of the gastro-intestinal tract 
(except the esophagus). Other 
conditions in which ‘Elorine 
Chloride’ is valuable include func- 
tional digestive disorders, acute 


EL! LILLY AND COMPANY 


INDIANAPOLIS 6, INDI 


pancreatitis, diverticulitis, pyloro- 
spasm, and excessive sweating. 

Dosage should be tailored to 
patient tolerance. In peptic ulcer, 
the average adult dose ranges 
from 100 to 250 mg. three or four 
times daily. ‘Elorine Chloride’ is 
available in pulvules of 50 and 


1. Sun, D. C. H., and Sha 


Int. Med., 97:442, 4 
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Foreword 


Introduction to a Symposium on the Kidney 


n the whole the increase in knowledge 
6) within any one of the scientific disciplines 
appears at times to be depressingly slow. For 
this reason, some purpose may be served by 
reviewing briefly the interests which preoccupied 
the contributors to the Seminars on Renal 
Physiology published in this Journal in 1950. 
The views expressed at that time can be com- 
pared with those contained in the present 
symposium and in one which appeared re- 
cently in the British Medical Bulletin [7]. Con- 
siderable progress is apparent in at least four 
areas: the morphology and cellular fine structure 
of the nephron, concepts in the clinical appraisal 
of renal disorders, descriptive electrolyte physiol- 
ogy, and the cellular mechanisms which operate 
in renal tubular transport. 

The microdissection of mammalian nephrons, 
a technic introduced some years ago by Oliver, 
has provided a new perspective in the study of 
the architecture of the kidney. This approach, 
discussed at some length in the earlier sympo- 
sium, continues to throw new light on the struc- 
tural derangements of the nephron in such 
diverse clinical disorders as acute renal failure, 
the Fanconi syndrome and potassium depletion. 
The recent application of electron microscopy 
to the study of the kidney has revealed fine struc- 
tures of unsuspected complexity. It seems clearly 
evident that these structures should be given 
serious consideration in future attempts to 
formulate mechanisms of renal function. Dr. 
Rhodin, who represents one of the most active 
groups engaged in electron microscopic studies 
of the kidney, presents some of the recent con- 
tributions in this field, with particular emphasis 
on the structure of the tubule. Of clinical im- 
portance is the recent development of renal 

1 Symposium: Physiology and pathology of the kidney. 
Brit. Med. Bull., 13: 1-70, 1957. 
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biopsy procedures which are useful in diagnosis 
and in the study of the natural history of dis- 
eases of the kidney. The contributions of this 
technic and an appraisal of its future role in 
medicine are discussed by Dr. Brun and 
Dr. Raaschou. 

The development of clearance technics by 
Dr. Homer Smith and others has permitted 
the precise measurement of certain discrete renal 
functions. For a number of years, the evaluation 
of renal tubular activity rested on the assump- 
tion that a given substance could be filtered by 
the glomeruli and either reabsorbed or secreted 
by the tubules. When the amount excreted was 
less than the amount filtered, it was assumed 
that the remainder had been reabsorbed; excre- 
tion of more than the amount filtered indicated 
tubular secretion. Hence, the magnitude of 
tubular transport was a matter of simple calcu- 
lation. The demonstration in 1949 that potas- 
sium can be both reabsorbed and secreted by 
the renal tubule seemingly introduced over- 
whelming complications into the interpretation 
of clearance data. Nevertheless, further in- 
vestigations into the mechanisms which operate 
in the renal handling of electrolytes have 
yielded some measure of clarification rather 
than increasing confusion. Eight years ago, 
Berliner’s review on the Renal Excretion of 
Electrolytes considered the problem of sodium 
excretion primarily in terms of glomerular filtra- 
tion and reabsorption by tubular mechanisms, 
the number and inter-relationships of which re- 
mained obscure. Although ion-exchange mech- 
anisms had been demonstrated to participate in 
the acidification of the urinary buffers and in the 
tubular secretion of potassium, these were re- 
garded more as isolated processes than as parts 
of an integrated mechanism for sodium reab- 
sorption. In the intervening years, the introduc- 
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tion of potent carbonic anhydrase inhibitors has 
led to certain unifying concepts. Although ap- 
proximately 80 per cent of the filtered sodium is 
reabsorbed in association with chloride by 
mechanisms which are still poorly understood, 
the remaining 20 per cent appears to be ade- 
quately accounted for by the interrelated 
ion-exchange mechanisms which underlie the 
reabsorption of bicarbonate, and the excretion 
of titratable acid, ammonium and potassium 
ions. In his present review, Pitts summarizes 
the mechanisms of action of a variety of diuretic 
agents. In addition, he presents new information 
on the transtubular potential and data obtained 
by the ‘“‘stop-flow” analysis technic of Malvin, 
Sullivan and Wilde. Dr. Pitts proposes a specula- 
tive and provocative scheme to account for the 
reabsorption and secretion of the principal 
electrolytes in both the proximal and distal 
tubules. 

The clinical appraisal of renal function neces- 
sarily entails the consideration of many possible 
types of dysfunction, both glomerular and tubu- 
lar. Until fairly recently most surveys of renal 
function in disease concerned themselves largely 
with estimates of the glomerular filtration rate, 
the renal blood flow and the maximal rates of 
transport (Tm) for such substances as glucose, 
diodrast and p-aminohippurate. Attempts were 
made to interpret certain phenomena of disease 
in terms of the interrelationships between these 
measurements. For example, it seemed plausible 
that the “glomerular-tubular imbalance” in 
certain states of sodium and water retention 
might be profitably explored by measuring the 
glomerular filtration rate and a representative 
tubular activity, such as diodrast Tm. The 
limited success of this approach reflects the over- 
simplifying assumption that one tubular function 
can be equated with ancther unrelated function. 
There is a growing awareness that “tubular 
function’”’ comprises a host of discrete processes, 
many of which operate independently and are 
spatially separated in their localization within 
the nephron. It is worthy of comment that much 
of our current knowledge of certain transport 
mechanisms has been obtained from the study 
of clinical disorders. This is particularly true of 
the renal aminoacidurias, the study of which 
has disclosed the multiplicity of mechanisms 
which are responsible for the tubular reab- 
sorption of the various amino acids. A number of 
tubular dysfunctions of clinical interest are 
reviewed by Mudge, who emphasizes the view 
that the study of these conditions will continue 


to offer a profitable avenue of approach to 
an understanding of fundamental physiologic 
mechanisms. 

Clinical and experimental disorders of potas- 
sium balance have been of increasing interest, 
not only in relation to the renal mechanisms 
involved but also to the role of potassium in 
regulating acid-base balance in the various fluid 
compartments of the body. The syndrome of 
severe potassium depletion is discussed by Rel- 
man and Schwartz with emphasis on certain 
other secondary effects on renal function, par- 
ticularly those relating to water balance. 

There is another aspect of the interpretation 
of clearance data which may require some 
degree of reappraisal. Not infrequently the 
values obtained by clearance technics are dealt 
with as though they reflected the activity of a 
single giant nephron, rather than an aggregate 
of some two million anatomically and func- 
tionally individual units. Bradley and Wheeler 
consider the evidence arising from a number of 
lines of investigation that suggests some degree 
of heterogeneity among the nephron population. 

The terms tubular reabsorption and tubular 
secretion, as commonly used, denote simply the 
movement of substances across the tubular 
epithelium in a certain direction without im- 
plying the nature of the underlying mechanism. 
Three types of mechanisms are considered in 
the present symposium. The first, ‘‘active trans- 
port,”’ requires that work be done by the cell to 
move a substance across the tubular epithelium 
against a chemical potential gradient. Taggart 
reviews recent attempts to relate specific bio- 
chemical events within the cell to the active 
transport of representative organic compounds. 
A second type of mechanism is discussed by 
Milne, Scribner and Crawford who deal with 
the passive diffusion of un-ionized weak acids 
and bases across the tubular epithelium. Finally, 
the diffusion of water along osmotic gradients 
established by the active transport of solutes is 
considered by Berliner, who summarizes cur- 
rent concepts of urine concentration and dilu- 
tion mechanisms. The anatomical relationships 
which he discusses re-emphasize the importance 
of attempting to relate structure and function. 

GILBERT H. MupcgE, M.D. 

Johns Hopkins University School of Medicine 
Baltimore 5, Maryland 

and JoHN V. TAGGART, M.D. 

College of Physicians and Surgeons, 
Columbia University 

New York 32, New York 
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Symposium on Renal Physiology 


Electron Microscopy of the Kidney’ 


JOHANNES RHODIN, M.D. 
New York, New York 


HE structure of the nephron includes a great 
penton of cell types, from the complicated 
composition of the filtering glomerular capillary 
membrane to the relatively simple and pale cells 
of the collecting ducts. All the different kinds of 
cells have been studied extensively with the light 
microscope for a great many years, and various 
functions have been assigned to different parts 
of the nephron, mainly as a result of the morpho- 
logic studies. 

The utilization of new technics in morphol- 
ogy, such as phase contrast microscopy, fluores- 
cent microscopy, polarization microscopy, and 
especially electron microscopy, has contributed 
a great deal to our knowledge of the fine struc- 
ture of the epithelial cells of the nephron. By and 
large, the structures seen in the electron micro- 
scope have all been analyzed with the light 
microscope, but there are, at present, more de- 
tailed and accurate descriptions available which 
make it possible to draw conclusions more pre- 
cisely than before as to possible correlations 
between structure and function. 

Hence, some recent findings concerning the 
fine structures of the nephron will be con- 
sidered, and the possible role of these structures 
in the formation of urine will be discussed. 


MATERIALS AND METHODS 


In most cases kidney tissue from the mouse [29,38] 
and rat [2,4,/2] has been investigated. Some investiga- 
tions have also dealt with the dog [2,7,8], rabbit 
[2,7,8], and man [5]. No great differences seem to have 
been revealed as far as the fine structure of the 
nephron is concerned. 

The resolution limit, of the light microscope is 
approximately 2,000 A, whereas the theoretical 
resolution limit of the electron microscope is about 
2 to 4 A. However, to be able to utilize the resolution 
of the electron microscope, the specimen investigated 
must be extremely thin, that is, between 100 and 
500 A in thickness. This was a problem for twenty 


years, as the first electron microscope was designed 
around 1932, and useful sectioning technics were not 
developed until 1952. Before this development one 
had to fractionate the cell and analyze isolated cell 
organelles such as nuclei, mitochondria, and micro- 
somes. However, this technic did not contribute to 
the knowledge of the fine structure of the cytoplasm, 
the intracellular relationship between various cell 
organelles, or to the fine structure of their interior. 
Information of this kind awaited the development of 
proper sectioning technics [23,33], a new embedding 
material [73], and fixation methods [77,34] contribut- 
ing to good preservation of the tissue. 

In short, the common way of preparing tissues for 
electron microscopy today includes fixation in osmium 
tetroxide which simultaneously serves as an electron 
stain. Osmium tetroxide is not a selective stain, but it 
may be considered that protein structures are stained 
more heavily than lipids, whereas carbohydrates do 
not take up osmium at all. Following fixation, the 
tissue is embedded in liquid plastic, which thereafter 
is hardened by adding a polymerizer. Sections with a 
thickness of about 100 A are then cut with special 
microtomes, and can immediately be investigated 
in the electron microscope without removing the 
embedding medium. 

Artifacts may be caused by postmortem processes, 
or by improper temperature, pH, and salt concen- 
tration of the fixative. Additional distortion of the 
tissue may also occur during polymerization of the 
plastic. The types of damage caused by any of the 
preparation steps mentioned is fairly well known 
[24,34,42|, but they can be avoided. Consequently, 
such artifacts are not the kind which would seriously 
affect the interpretations presented here. 


GLOMERULUS 


The capillaries of the glomerulus are abun- 
dant and branch off from the afferent vessel in 
main stems (Fig. 1, C1 and C2) which again 
come together and form the efferent arteriole. 
By microdissection of glomeruli injected with 
latex particles, Hall [7,8] has been able to prove 
the concept held by Bowman that there are 


* From the Department of Anatomy, Karolinska Institutet, Stockholm, Sweden, and the Department of Anatomy, 
New York University-Bellevue Medical Center, New York, New York. 
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Fic. 1. Glomerulus of the mouse kidney. Electron micrograph. Fixation buffered osmium tetroxide. 
Magnification X 16,000. 


small vessels which take off at right angles from tance in the formation of urine, and _ believes 
the larger vessels, thus interconnecting these — that the blood cells follow the main branches, 
with each other. Hall considers this of impor- | whereas most of the plasma passes into the 
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smaller branches. From a functional point of 
view this could mean that the plasma volume is 
increased within the numerous small capillaries 
of the glomerulus, and thus the contact area 
between plasma and filtering membrane also be- 
comes increased. 

The structure of the filtering membrane is 
rather elaborate and complicated. It consists of 
the inner endothelial layer, the outer epithelial 
layer, and a basement membrane in between. 

The cells of the endothelial layer are of a 
squamous type with a light cytoplasm and an 
elongated nucleus (Fig. 1, Nep) which bulges 
into the capillary lumen. Only a few mito- 
chondria are scattered in the light cytoplasm. 
This is to be expected in a cell in which little 
enzymatic activity is required for the filtering 
process. The cytoplasm also contains a small 
Golgi zone, and occasional a-cytomembranes 
[35], features which are more necessary in cells 
with high secretory activity, such as pancreatic 
cells [36] and mucus-producing cells [29]. 

The cytoplasm is attenuated, forming a thin 
layer which lines the inside of the capillary wall. 
The thin layer has a thickness of about 500 Ain 
its extreme, and displays a great number of 
perforations (Fig. 1, arrows) with a diameter 
ranging between 500 A and 1 ,000 A. These per- 
forations represent true holes in the endothelial 
cytoplasm [7,8,20,27,25| though it has been sug- 
gested that they are closed by a thin membrane 
[47]. 

The central part of the filtering membrane is 
formed by the basement membrane, (Fig. 1, E) 
which is a continuous, structureless layer about 
800 A thick. Like other basement membranes 
analyzed with the electron microscope, it seems 
to be composed of mucoproteins, possibly with 
fibrillar subunits [25] although most investiga- 
tors believe it to be definitely homogeneous 
[7,8,20,27}. 

The outer epithelial layer is the most intri- 
guing of all layers of the filtering membrane, and 
consists of big cells with a denser cytoplasm than 
the endothelial cells. The bulge, corresponding 
to the site of the nucleus (Fig. 1, Nep), is heavier, 
and incorporates also a large part of the cyto- 
plasm. The cell resembles a jelly fish, as the 
cytoplasm is extended into long tentacles which 
grasp the capillary wall. The tentacles have 
been called trabeculae, and these in turn give 
rise to smaller tentacles, the so-called pedicles 
(Fig. 1, P) which branch off perpendicularly to 
the direction of each trabecula and interdigitate 
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with each other on the surface of the capillary. 
There is only a short distance between different 
pedicles, and according to a theory recently put 
forward by Hall [9], this distance, or slit-pore, 
is the ultimate part of the filtering membrane 
that determines the size of the molecules which 
will be allowed to filter through the membrane. 
The smallest, distance measured by Hall [9] 
averages 70 A, which is approximately the size 
of a hemoglobin molecule. If the slit-pore is 
widened only slightly, it will allow larger mole- 
cules to penetrate the wall and reach the space 
of Bowman’s capsule. (Fig. 1, B.) This widening 
may take place whenever the normal metab- 
olism of the epithelial cell cannot be maintained 
by the enzyme system present in the mito- 
chondria of the cell. 


PROXIMAL CONVOLUTION 


The inner surface of Bowman’s capsule is 
lined by squamous cells which are continuous 
with the tubule cells lining the neck and the 
proximal part of the nephron. The capsular 
cells are light and simply constructed, whereas 
the tubule cells (Fig. 1, Tb) are dense and dis- 
play a complicated structure. The capsular cells 
rest on a basement membrane (Fig. 2, E), 
which is continuous with the membrane sur- 
rounding the nephron in its whole length, and 
extends down to the collecting tubules and the 
pelvic papillae. 

In tissues well fixed in osmium tetroxide 
[.3,24,38], as well as in frozen dried material 
[32], the lumen (Fig. 2, L) of the nephron is 
usually closed, presumably due to a certain col- 
lapse shortly after the animal is killed. The 
central part of the tubule is thus occupied by a 
multitude of densely packed microvilli, or 
brush border extensions. Each microvillus has a 
length (Fig. 2, Bl) of about 1 micron and a 
width (Fig. 2, Bt) of about 700 A. There are 
roughly 215 microvilli per square micron in the 
first part of the proximal tubule. However, the 
number of microvilli decreases towards the thin 
segment of Henle’s loop. A distinct cell mem- 
brane with a thickness of 40 A separates the lu- 
men of the tubules from the interior of the 
microvillus which is connected freely with the 
rest of the cell cytoplasm. The interior of the 
microvillus is structureless, and less dense than 
the rest of the cell cytoplasm, which may imply 
that this part of the cell contains a special 
enzyme system or is the site of special enzymatic 
activity involved in the phosphorylation of 
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Fic. 2. Proximal convoluted tubule cell of the mouse kidney. Electron micrograph. Fixation buffered 
osmium tetroxide. Magnification X 19,000. 


glucose, as this substance is reabsorbed entirely _ the surface membrane of the cell. The width of 
by the cells of the proximal convoluted tubule. each invagination is about the same as that of a 

At the bases of the microvilli, small holes open _—_—microvillus, whereas the length is shorter. The 
into coiled tubular invaginations (Fig. 2, Ti) of | invaginations are sometimes widened to small 
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bulbs, but they do not seem to be connected 
with the large vacuoles which occur in the apical 
cytoplasm. The function of these invaginations 
is still unknown, but they may be involved either 
in reabsorption or secretion of certain substances. 
The nearby large vacuoles (Fig. 2, V) correspond 


to autofluorescent granules which Sjéstrand [32] _ 


observed in sectioned and unstained material, 
prepared by the freeze-drying technic. They 
probably contain fluid material which be- 
comes washed out during the fixation and em- 
bedding procedure for electron microscopy. 
In close relation to the fluorescent granule 
vacuoles are encountered large’ electron 
dense granules (Fig. 2, Dg) which often dis- 
play a system of concentrically arranged thin 
membranes. 

It is most likely that the fluorescent granule 
vacuoles and the large electron dense granules 
represent features of the proximal tubule cells 
which should be considered as secretion prod- 
ucts, as it is often noticed that the large electron 
dense granules occur in the tubule lumen. A 
possible continuation between the large electron 
dense granules and the fluorescent granule 
vacuoles may also exist, accomplished by a con- 
densation of the vacuoles into dense granules. 
This is not merely a hypothesis, as forms transi- 
tional between these two cell organelles often 
occur. However, it must be considered that the 
direction of the event could as well be the reverse. 

As mentioned, the Golgi zone is also most 
likely involved in the secretory activity of cells. 
However, this is more obvious in typical gland 
cells, such as pancreatic cells [79,37] and the 
goblet cells of the intestine or the respiratory 
tract [29]. In the cells of the proximal tubule, 
there is also a Golgi zone (Fig. 2, Ga), lying 
like a halo around the apical part of the nucleus. 
It is composed of a system of paired membranes 
parallel to each other, with small vesicles scat- 
tered either between the paired membranes or 
peripherally. 

The activity of the Golgi zone in tubule cells 
seems to be concerned with intracellular events. 
Eventually some of the small vesicles become 
condensed, and appear as electron dense 
granules, bordered by a single membrane. 
Similar granules, but of varying size, may be 
encountered in close relation to the Golgi zone. 
They never achieve the size of the large electron 
dense granules previously mentioned, and they 
also differ from them in that the large granules 
are bordered by a triple-layered membrane 
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with a total thickness of 100 A, whereas the small 
granules are bordered by a single membrane 
45 A thick. The fate of the small granules de- 
rived from the Golgi zone is still unknown, but 
it may be suggested that the bigger ones are 
identical in size and shape with particular cell 
organelles called microbodies. The microbodies 
(Fig. 2, Mb) are spherical, with a diameter of 
about 0.2 micron and with the same electron 
density as the mitochondria. They were first 
encountered and analyzed in the tubule cells 
of the mouse [24] and rat [6] kidney, and have 
recently been found also in the liver cells [30]. 
The microbodies do not represent the “‘micro- 
somes’”’ of a cell, as microsomes is a name applied 
to particles of a certain size which can be spun 
down at a certain speed in a centrifuge after 
the cell has been fractionated. Thus, micro- 
somes may be derived from any cell organelles 
which are broken into pieces during fractiona- 
tion. The microbodies are surrounded by a single 
membrane 45 A thick, and lack inner mem- 
branes. They seem to constitute precursors of 
mitochondria in the cells of liver and kidney 
tubules. Thus, it seems likely that one task of 
the Golgi zone in the cells of the proximal 
tubule is to provide the necessary supply of 
mitochondrial precursors. A strong support of 
the hypothesis that microbodies develop into 
mitochondria is found in experimental hyper- 
parathyroidism [4]. After injection of para- 
thormone into rats, the cells of the proximal 
tubule of the kidney display a reduced number 
of mitochondria, whereas the number of micro- 
bodies is markedly increased. This may indicate 
that the normal development of mitochondria 
is blocked. As a result of this, the normal supply 
of enzymes delivered by the mitochondria is 
decreased, and the normal cell metabolism 
altered, which results in the formation of intra- 
cellular hyalin bodies. These bodies become en- 
larged, occupy the whole cell, burst into the 
lumen of the tubules, and form hyalin casts 
which later serve as centers for the precipitation 
of calcium salts (apatite crystals) during the 
formation of renal calculi. 

The mitochondria (Fig. 2, M) of the cells 
of the proximal tubule occupy the largest part 
of these cells, and form elongated, sausage-like, 
coiled bodies. The fine structure of a mito- 
chondrion consists of a surrounding triple- 
layered membrane, and a system of triple- 
layered membranes, arranged parallel to each 
other in the interior of the mitochondrial body, 
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mainly perpendicularly to the long axis of the 
mitochondrion [24,38]. 

About 90 per cent of all enzymes in the tubule 
cells are located in the mitochondria. The inner 
membranes, or plates, presumably represent the 
site of the enzyme molecules, or the surfaces 
upon which part of the enzymatic activity can 
occur. This fine structure is probably necessary 
to maintain the normal function of a mito- 
chondrion. This has been demonstrated in con- 
nection with the injection of egg white into the 
abdomen of mice [24]. The egg white, absorbed 
by the peritoneum, enters the blood, and 
reaches the glomerulary capillaries, where the 
protein molecules are small enough to escape 
through the filtering membrane [75]. Now, in 
the lumen of the nephron, the filtered egg white 
becomes reabsorbed by the cells of the proximal 
tubule. During this absorption, a certain reac- 
tion seems to occur between the egg white and 
the mitochondria; the latter swell and lose their 
typical normal fine structure, which is replaced 
by an electron dense, structureless substance. 
Simultaneously, a decrease in sodium and water 
reabsorption can be recorded in the experi- 
mental animals. As is known, most of the water 
and sodium is reabsorbed by the cells of the 
proximal tubule, activities that by all means 
require enzymes and energy. It is most likely 
that the tubule cells with their altered mito- 
chondria have lost the ability of generating 
energy for the osmotic work of the cells. 

As just mentioned, most of the water reab- 
sorbed by the tubules must pass through the 
cells of the proximal tubule of the nephron. It 
probably enters the cell through the cell mem- 
brane which covers the microvilli (Fig. 2, Bl), 
although the tubular invaginations (Fig. 2, Ti) 
may also be utilized in this process. The path- 
way of the water through the tubule cell is not 
to be found as a structural canal, or anything 
similar. However, the basal part of the cell is 
designed in a special way which may help to 
facilitate the passage of water from the interior 
of the tubule cell to the capillary wall which is 
connected to the basement membrane of the 
nephron. The basal part of the tubule cell is 
provided with a multitude of cytoplasmic 
lamellas (Fig. 2, Cl), an arrangement resem- 
bling the cone-shaped cogwheel in a differential 
gear of a car, except that the lamellas of this 
particular cogwheel are higher near the top of 
the cone than they are at the base of the cone 
(Fig. 6). Of course, the lamellas of the tubule 


cell are more flexible, and subject to more varia- 
tions than those of a cogwheel. The way the 
basal parts of different tubule cells fit together, 
is much the same, however, as the manner in 
which the cogwheels of a differential gear inter- 
lock. This organization* of the bases of the 
tubule cells means, of course, that the basal 
surfaces of the cells are tremendously increased. 
As a result of this lamellation, the basal cell 
membrane will be encountered also at varying 
distances within the cell body, as seen in a sec- 
tion of a cell. It may be suggested that these 
deep infoldings of the basal cell membrane 
serve as surfaces upon which enzymatic activity 
can take place, and that the water may use this 
increased basal surface for easy and rapid 
access into the extracellular, or intercellular 
space, and from there reach the capillary wall 
only by passing the basement membrane of the 
tubule. Furthermore, the mitochondria are al- 
most exclusively located within the basal cyto- 
plasmic lamellas, in close contact with the cell 
membrane, which strongly supports the idea 
that the multifolded cell membrane is designed 
in this way in order to increase the surface upon 
which enzymatic activity can occur. The lamel- 
lation of the cells of the proximal tubule is to 
some extent similar to the trabeculation of the 
epithelial cells of the glomerular capillaries 
[2,7,8], but the lamellae of the tubule cells do 
not seem to be divided into smaller subunits 
like pedicles (Fig. 1, P) to any greater extent. 
The regularity with which the pedicles project 
at right angles and interdigitate with each other 
has not been seen in the cells of the proximal 
tubule. Nor has it been possible to confirm the 
findings by Ruska et al. [37] and their three- 
dimensional interpretation of the membranous 
structures in the tubule cells of the kidney in 
the rat. 

The sides of the upper portion of the cells are 
smooth, without the typical basally located 
lamellas. In transverse sections through this 
region, each cell displays a multiangular shape, 
while in sections through the basal part it 
appears as an irregular, multipointed star. 
Neighboring cells stick to each other probably 
by the complicated interlocking of the basal 


* The interpretation of the arrangement of the cyto- 
plasmic lamellas in the cells of the proximal tubules was 
presented by me before the meeting of Deutsche Gesell- 
schaft fiir Pathologie in Bad Nauheim, Germany, April 
10, 1957. The report has appeared in print elsewhere 
[27]. 
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cytoplasmic lamellas. Close to the surface of the 
cell, however, each cell is strengthened and 
attached to another by the so-called terminal 
bars which represent a local thickening of the 
cell membrane, oriented as a coopering band 
around the top part of the cell, and almost 
completely filling the space between the cell 
borders, a space which averages 70 A and prob- 
ably is composed of at least two layers of lipoid 
molecules. 

The nucleus (Fig. 2, N) is located in the 
center of the basal part of the cell, which means 
in the top of the cone-shaped cogwheel. The 
nucleus does not go into the cytoplasmic lamel- 
lae. A triple-layered membrane with a thickness 


of about 250 A surrounds the nucleus. One or 
several nucleoli are present, composed of fine 
granules, as is the rest of the nuclear content. 

The structure of the cytoplasmic ground sub- 
stance is finely granulated (Fig. 2, *) with 
particles averaging 160 A. Particles of similar 
size have elsewhere [78,79] been proved to con- 
tain ribonucleic acid (RNA). 


THIN SEGMENT OF HENLE’S LOOP 


The cells of the descending limb of Henle’s 
loop are different from those of the proximal 
part of the convolution. As previously men- 
tioned, the number of microvilli decreases. 
Furthermore, the mitochondria are less abun- 
dant and shorter, more like spheres. The cyto- 
plasm itself is less dense, and the basal cyto- 
plasmic lamellas are rare, sometimes absent [26]. 
The height of the cells becomes more shallow, 
and in the thin segment the cells are of a definite 
squamous type [20]. 

As in most squamous epithelia, the nuclei 
cause the top part of the cell to bulge, in this 
particular case into the tubule lumen (Fig. 3, L). 
The surface of the cell is fitted with tiny 
microvilli (Fig. 3, Mv), spaced apart at a dis- 
tance of about 0.1 micron. The surface of the 
villi (Fig. 3, inset, Mv), and that of the areas 
between them, is covered with a single mem- 
brane, 70 A thick. Invaginations of the mem- 
brane seem not to occur in this part of the 
nephron. The cytoplasm is pale, and holds only 
a few scattered, small mitochondria (Fig. 3, 
inset, M) together with a very restricted Golgi 
zone, features encountered mostly in the neigh- 
borhood of the nucleus. 

The cytoplasm of the squamous cells is ex- 
tremely attenuated. The height varies, of course, 
depending on the distance from the nucleus 


MAY, 1958 


(Fig. 3, N), but the thinnest parts average 
0.5 micron. The attenuated cytoplasm is com- 
posed of lamellas (Fig. 3, arrows), arranged in 
such a way that the cells of the thin segment 
resemble starfishes (Fig. 6) with a multitude of 
arms resting on the basement membrane (Fig. 
3, E). The arms do not have a straight course, 
but a highly curved and wavy one, and the 
arms or lamellas of one cell interdigitate with 
the lamellas of neighboring cells. This is similar 
to the arrangement of the cells of the proximal 
tubule, only with the exception that the cells 
of the thin segment are flattened down, so that 
the upper part of the thicker portions of the 
cells are not in contact with each other. The 
cytoplasmic lamellas of the cells of the thin 
segment are rather narrow, and quite frequently 
contain mitochondria. The lamellas are sur- 
rounded by a cell membrane, which is provided 
with terminal bars (Fig. 3, inset: arrows) near 
the luminal (Fig. 3, L) surface. 

The organization of the attenuated processes 
of the cell body, interdigitating and resting on a 
basement membrane, is almost identical with 
the picture of the pedicles of the glomerular 
epithelial cells. This would imply that fluid in 
the tubule lumen has a more or less free ad- 
mittance between the cytoplasmic lamellas to 
the capillary wall, which is connected to the 
outer surface of the thin segment. However, one 
has to keep in mind that the pedicles of the 
glomerular epithelial cells are not connected by 
terminal bars which is the case in the cells of 
the thin segment. Until further information can 
be obtained as to the function of the terminal 
bars, one has to consider them as a rigid, sup- 
porting part of the cell wall with a connective 
as well as a blocking function preventing the 
cells from separating, and hindering fluids or 
other substances from using the intercellular 
space as a pathway. 

The organization of the cells rather suggests 
that they function like ordinary capillary endo- 
thelial cells. It is believed that ‘‘the thin segment 
is concerned with passive osmotic dialysis of the 
tubular urine to bring it to an isoosmotic state 
relative to the blood before it enters the distal 
tubule” [39]. Thus, the osmosis does not require 
energy to a greater extent, which tallies well 
with the relatively small number of mitochondria 
present in the cells of the thin segment. On the 
other hand, the multitude of cytoplasmic 
lamellas may imply that the osmosis is facili- 
tated by the enlarged intercellular surfaces. 
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Fic. 3. Thin segment of Henle’s loop of the mouse kidney. Electron micrograph. Fixation unbuffered 
osmium tetroxide in 12 per cent dextran. Magnification X 18,500; inset X 31,500. 


DISTAL CONVOLUTION that of the cells of the thin segment. However, 
In the first part of the ascending limb of 48 the neighborhood of the glomerulus is ap- 
Henle’s loop the cells are cuboidal and charac- _ proached, the cells become more columnar, the 


terized by a rather clear cytoplasm, resembling | cytoplasm darkens, and the mitochondria in- 
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crease in number and length. The long mito- 
chondria are particularly typical of this part of 
the nephron; they contribute to a marked basal 
striation, observable even in the light micro- 
scope. The diameter of the tubule is larger than 
in the proximal convolution, and a wide, free 
lumen (Fig. 4, L) is always present [22]. 

There is a complete lack of a true brush 
border, but a few small microvilli (Fig. 4, Mv), 
with a length of about 0.4 micron, are scattered 
over the surface of the cells of the distal con- 
voluted tubule. The microvilli, as well as the 
free cell surface, are covered by a cell membrane 
70 A thick. 

The luminal one third of the cell is charac- 
terized by an abundance of small vesicles (Fig. 4, 
arrows). Those located close to the surface of 
the cell are now and then in open connection 
with the tubule lumen (Fig. 4, L), and may 
represent structures of the same nature as the 
tubular invaginations of the cells of the proximal 
tubule. If this is the case, the rest of the vesicles 
can be interpreted as sectioned tubular invagina- 
tions with a highly coiled, spring-like course. 
However, it is more likely that the vesicles 
represent isolated profiles of structures which 
take part in a secretional activity of the cells 
of the distal tubule, either in connection with 
the acidification of the urine, or with the forma- 
tion of ammonia, which is synthesized and 
secreted by the cells of the distal tubule. 

A certain number of fluorescent granule 
vacuoles (Fig. 4, V), as well as large electron 
dense granules (Fig. 4, Dg), are present, but to a 
lesser extent than in the cells of the proximal 
tubule. 

There is a Golgi zone (Fig. 4, Ga) with a 
location and fine structure similar to that which 
has been described in the proximal convolution. 
However, the vesicles seem to be larger in the 
distal convolution, almost achieving the size 
of the fluorescent granule vacuoles. A transition 
of Golgi zone vesicles into condensed bodies, 
resembling microbodies, has not been recorded. 

A certain number of microbodies occur, but 
with less abundance than in the proximal con- 
volution. It must be stressed in this connection, 
that the possible transformation of microbodies 
to mitochondria is still a problem to be definitely 
solved. The mitochondria have a triple-layered 
outer membrane and the microbodies a single- 
layered. The transformation could be accom- 
plished by an addition of membranous structures 
to the outside of the microbody. Indications 
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of a similar mechanism have been observed in 
areas in which the ground substance of the 
cytoplasm displays a certain membranous 
structure, in addition to the previously men- 
tioned RNA-granules. Eventually, these mem- 
branous sheets (Fig. 2, **), with a thickness of 
45 A and a length of 0.1 to 0.2 micron, are ob- 
served partly to encircle the microbody, giving 
the impression of a local triple-layering of the 
microbody wall. 

The mitochondria (Fig. 4, M) of the cells of 
the distal convoluted tubule have a length of 
about 3 microns or more, and their width 
averages 0.3 micron in one direction, whereas 
their thickness amounts to, or even exceeds, 
1 micron. In consequence of this, the mito- 
chondria have a closer resemblance to flat ice 
cream bars than to sausages. This is true for the 
mitochondria which occupy the basal two- 
thirds of the cel]. In the luminal one-third, small 
spherical or slightly oval mitochondria are seen 
scattered between the abundant small vesicles 
already mentioned. The basal mitochondria are 
tightly packed, sometimes so tightly that the 
interposed narrow strands of cytoplasm are hard 
to distinguish. The fine structure is almost 
identical with that described for the mito- 
chondria of the proximal convolution. One ex- 
ception may be stressed, however. The inner, 
triple-layered membranes, or plates, are some- 
times seen oriented at various angles to the long 
axis of the mitochondrion, which seems to indi- 
cate that their three-dimensional orientation is 
a helix, rather than simple straight plates across 
the interior of the mitochondrial body. 

The basal part of the cell of the distal con- 
voluted tubule displays cytoplasmic lamellae 
(Fig. 4, Cl) similar to those found in the proxi- 
mal convolution, although the lamellae seem to 
be narrower, deeper, and of greater abundance 
in the distal convolution. The interdigitation of 
lamellas from different cells is identical in the 
proximal and distal convolutions (Fig. 6). 

It is not surprising that the cells of the distal 
tubule contain a great number of large mito- 
chondria, located within the multitude of nar- 
row cytoplasmic lamellas, when the function of 
the distal tubule is considered. The final re- 
absorbtion of water and sodium occurs here, and 
as the water must be reabsorbed against osmotic 
pressure, the process probably requires a great 
deal more energy than in the proximal convolu- 
tion, where the osmotic pressure of the contained 
urine remains identical with that of the plasma. 
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ce Fic. 4. Distal convoluted tubule cell of the mouse kidney. Electron micrograph. Fixation buffered osmium 
tetroxide. Magnification 22,000. 
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The close relationship between the mito- 
chondria and the cell membrane of the cyto- 
plasmic lamellas seems to facilitate the passage 
of water from the cell to the capillary in accord- 
ance with the discussion herein. The abundance 
of mitochondria is also associated with the 
secretory function of the distal tubule, as the 
synthesis of ammonia and the acidification of 
the urine probably demands a high enzymatic 
activity. 

The cells of the distal tubule are united by 
the interlocking of cytoplasmic lamellae. In 
addition, terminal bars (Fig. 4, T) are present 
with a structure and location identical with that 
already described for this cell component in the 
proximal convolution. 

The nucleus (Fig. 4, N) is placed in the 
luminal part of the cell, and bulges the cell 
surface into the lumen (Fig. 4, L). Nothing can 
be added to the description of the fine structure 
of the nucleus, as compared to what has already 
been stated concerning the nucleus of the 
proximal tubule. 

The cytoplasmic ground substance is built up 
of the mentioned RNA-granules, which are 
abundant in the luminal part of the cell, but 
almost absent in the basal part, within the cyto- 
plasmic lamellas. 


COLLECTING TUBULE 


The collecting tubule is not considered to be- 
long to the nephron proper, but now and then 
certain functions have been supposed, and 
recent studies seem also to indicate that this 
part of the kidney is not only a duct for trans- 
portation of urine to the renal pelvis, but also an 
active part of an extended distal tubule. 

The collecting tubule is wide, and as the 
lining cells are rather shallow, this opens a wide 
and free lumen (Fig. 5, Lu). The cells are mainly 
of two types, the light cells and the dark, or 
intercalated, cells. Close to the point where the 
distal tubule connects with the so-called arched 
collecting tubule, the light cells are rare, and 
the dark cells abundant. However, distally in 
the collecting tubule, within the papilla, the 
dark cells become more and more rare and the 
light cells predominate. 

The light cells (Fig. 5, L) have a loose cyto- 
plasm due to a scarcity of cell organelles such as 
mitochondria and cytoplasmic RNA-granules. 
The nucleus (Fig. 5, N) has a prominent loca- 
tion in the cell, leaving but little cytoplasm free. 
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Between the cells are deep indentations of the 
surface, which sometimes almost reach the 
basement membrane. A membrane with a 
thickness of 70 A covers the surface of the cell as 
well as the scattered, few and short microvilli 
(Fig. 5, Mv), which emerge at a distance of 
about 0.5 micron from each other. Some small 
vesicles occur in the apical part of the cell, al- 
though their number does not exceed five or so 
in a section of cell. Occasional fluorescent 
granule vacuoles and large electron dense gran- 
ules may be encountered. The mitochondria 
(Fig. 5, M) are few and located mostly in the 
basal part of the cell. Their width averages 
0.3 micron. The fine structure is identical with 
that of mitochondria in the proximal tubule. 
Microbodies have not been encountered in the 
light cells. The Golgi zone (Fig. 5, Ga) is small 
but of regular structural appearance. It gen- 
erally surrounds the upper part of the nucleus, 
but it may also be more apical in position. The 
basal part of the light cell shows a few shallow 
inflections of the cell membrane, which may be 
interpreted as cytoplasmic lamellae or basal 
ridges. However, they seldom interdigitate with 
similar structures from neighboring light cells, 
probably because they are too short and shallow 
to penetrate underneath the cells and become 
interlocked. 

The dark, or intercalated, cells (Fig. 5, D), 
have a very dense cytoplasm, mainly due to an 
abundance of cytoplasmic RNA-granules, each 
with a thickness of about 160 A. The cells show 
a certain variation in height and form, some- 
times being taller than the light cells, sometimes 
more shallow, with a tendency to extend under- 
neath the light cells, between their cell body 
and the basement membrane; this may explain 
why they are said to be intercalated. The surface 
has an abundance of short microvilli (Fig. 5, 
My), all surrounded by a cell membrane. The 
luminal one-third of the cell is characterized by 
a great number of small vesicles (Fig. 5, arrows), 
some of them in free connection with the 
lumen (Fig. 5, Lu). Fluorescent granule vacuoles 
and large electron dense granules are rare. The 
number of mitochondria (Fig. 5, M) is great in 
the dark cells of the collecting tubule. They are 
of spherical shape, the diameter averages 0.7 
micron, and the fine structure resembles that of 
the mitochondria in the cells of the proximal 
tubule. They are encountered all through the 
cytoplasm, and sometimes cause heavy bulges of 
the cytoplasm above the nucleus, an observation 
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Fic. 5. Collecting tubule of the mouse kidney. Electron micrograph. Fixation buffered osmium 


tetroxide. Magnification X 11,000. 


which can be made even in the light microscope. 
Quite frequently, a number of microbodies can 
be seen with a great variation in size. A Golgi 
zone of common appearance and location is 
present. Cytoplasmic lamellas are often seen, 
but they are shallow and narrow. The dark cells 


do interdigitate with the light cells, but only in 
the periphery, where the cytoplasmic lamellas 
are long enough to interlock with each other. 
This is, of course, especially the case when part 
of the dark cell is intercalated between the base 
of a light cell and the basement membrane. 
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One function of the collecting tubule without 
doubt is to serve as a conduit for the urine from 
the distal convolution to the papillary ducts and 
openings. Considering the two types of cells 
present in the wall of the collecting tubule, it 
may be that the light cells at least serve as a pure 
lining of this conduit. They may also represent 
a part of the wall of the tubule through which 
some water can be reabsorbed during a final 
concentration activity, a second function of the 
collecting tubule, suggested by Smith [40] and 
Oliver et al. [76]. However, the similarity be- 
tween the dark, or intercalated, cells of the col- 
lecting tubule and the cells of the distal con- 
volution strongly suggests that the former actu- 
ally represent a certain variety of cells of the 
distal convoluted tubule, which are distributed 
along the collecting tubule towards the papilla 
at a decreasing frequency. If there is any cor- 
relation between structure and function, then 
one would expect that the dark, or intercalated, 
cells in the wall of the collecting tubule, like the 
cells of the distal tubule, participate in the 
secretion of ammonia and in the acidification of 
urine. These then may be additional functions 
of the collecting tubule. 

The dark cells of the collecting tubule were 
well described by Andrejewitz [7], who also 
noticed a difference in the shape of these cells, 
and concluded that this was due to different 
functional states in a secretory process. In an 
electron microscopic investigation, Clark [3] 
concluded that the light and the dark cells 
actually are identical cells, but with a variation 
in density because of the difference in functional 
states. The hypothesis put forward by Clark [3] 
seems to be supported by the recent light micro- 
scopic investigations by Oliver et al. [76]. They 
recorded an increased number of intercalated 
cells and a decreased number of light cells in 
the cortical collecting tubules as a result of 
potassium depletion in rats. The structural 
change of the collecting tubules was associated 
with an inability to concentrate the urine. 
Whether this inability is due to the increased 
number of intercalated cells or to the decreased 
number of light cells is impossible to state at 
present. At least, it seems to be true, as stated 
by Oliver et al. [76], that ‘“‘the activity of the 
nephron may extend beyond the strict limita- 
tions of its topographic confines.” 


CONCLUSION 


The purpose of this article has been to review 
some recent analyses dealing with the fine struc- 


ture of the nephron. It was impossible to refer 
to the results of all earlier investigations which 
employed the light microscope as well as the 
electron microscope, but the interested reader 
is referred to a more detailed review of the 
anatomy of the kidney tubules to appear else- 
where [28]. As a morphologist, I am quite aware 
of my limitations insofar as the evaluation of 
investigations and theories of renal physiology is 
concerned. 

However, the present suggestions as to the re- 
lations between the structures described here 
and the functions suggested by physiologic ex- 
perimentation may indicate the type of informa- 
tion which careful investigations with the elec- 
tron microscope may contribute in the future. 
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Kidney Biopsies’ 


CxLaus Brun, M.D. and FLEMMING RAASCHOU, M.D. 


Copenhagen, Denmark 


IGHT years have passed since the first per- 
E; cutaneous kidney biopsy was carried out. 
The results of about 1,800 kidney biopsies have 
now been recorded. Generally speaking, there 
is no longer disagreement as to the scientific 
importance of kidney biopsies; however, the 
practical clinical value of kidney biopsy is still 
debated, and conflicting points of view persist. 

In what follows, a survey will be made of the 
various problems associated with percutaneous 
kidney biopsy, particularly with regard to 
technic and complications, and the significance 
of the method for the diagnosis, prognosis and 
treatment of the nephropathies. Next, the patho- 
physiologic importance of the method will be 
briefly touched upon and an attempt made to 
establish the indications for kidney biopsy. 
Finally the more important problems which this 
field presents for the future will be considered 
insofar as is now possible. 

The History of Kidney Biopsy. Although we 
shall here be engaged mainly with percutaneous 
kidney biopsy it should be mentioned that before 
this procedure was described kidney biopsy dur- 
ing operation had been carried out. As far as we 
are aware, Jungmann [46] was the first to carry 
out such surgical biopsies in 1924. However, it 
was chiefly Castleman and Smithwick [79], 
Heptinstall [36], and Saltz, Sommers and Smith- 
wick [700] who made use of kidney biopsies, 
obtained during the course of sympathectomy, to 
throw light on the renal aspects of essential 
hypertension, particularly the important ques- 
tion of the sequence of hypertension and nephro- 
sclerosis in essential hypertension. 

The first to publish findings in percutaneous 
kidney biopsies were Perez Ara [85], and 
Iversen and Brun [42]. The eight biopsies re- 
ported by Ara and the eighty biopsies by Iversen 
and Brun appeared to indicate that it was possi- 
ble to obtain sufficient kidney tissue for histologic 
examination without exposing the patient to any 
serious risk, and that the means was thereby 


provided to throw new light on the natural 
history of many nephropathies. 

Ara at first performed the biopsy procedure 
with the patient in the lateral position, on the 
operating table, using the maximum degree of 
kidney elevation. Later he preferred to use the 
prone position, on a sandbag. The kidney could 
be precisely localized with the aid of a coarse 
metal net placed on the skin and roentgenologic 
control. In order to determine the precise depth 
of the kidney Ara made use of the movements of 
the biopsy cannula, exploiting his observation 
that the outer end of the needle moved syn- 
chronously with the respiratory movements of 
the diaphragm when the point of the needle had 
penetrated the renal capsule. Ara aspirated the 
biopsy specimen, using either an ordinary 
cannula (with 1 mm. bore) and a syringe or a 
special “‘nephrobiotome”’ (modified liver biopsy 
cannula according to Herrera-Pardo). 

Iversen and Brun carried out the biopsy with 
the patient in the sitting position or in the lateral 
position. They used an Iversen-Roholm cannula 
with a 1.5 mm. bore [47]. Excision and removal 
of the biopsy specimen were effected by means of 
the negative pressure produced by a special 
syringe, in which the piston could be fixed in any 
desired position. 

Di Gaddo, Torsoli and Righini [24], and 
Fiaschi, Ercoli and Torsoli [29] took up the 
method and carried out ten biopsies using the 
Vim-Silvermann cannula. At the same time they 
used perirenal air insufflation and roentgenog- 
raphy with the patient in the prone position. 
These authors also employed the movements of 
the needle with respiration as a guide to the 
localization of the kidney. In their opinion this 
technic was an improvement both with respect 
to localization of the kidney and evaluation of 
the histologic preparation. 

In 1953 Payet, Pene, Camain, Gouaze and 
Calvez [84] reported their experience with 
fifty-five aspiration biopsies with the patient in 


* From the Medical Department m1 and the Central Laboratory, the Kommunehospital, Copenhagen, Denmark. 
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the prone position and with a sandbag under the 
abdomen. The authors concluded that the risk 
was slight and that in the right hands the method 
could provide valuable information. 

In 1954 Kark and Muehrcke [47] published 
their technic, with which they have carried out a 
long series of valuable investigations, contribut- 
ing to the successful introduction of the method 
of kidney biopsy in English-speaking countries. 
Kark and Muehrcke also place the patient in the 
prone position and localize the kidney by means 
of an exploring needle, observing its movements 
with respiration. The biopsy is carried out using 
Franklin’s modification of the Vim-Silvermann 
cannula. 

In 1956 Lusted, Mortimore and Hopper [60] 
suggested carrying out the kidney biopsy under 
constant fluoroscopic observation of the kidney, 
using an amplifying fluoroscope and injection of 
contrast medium (50 per cent hypaque®). The 
authors, who use the Vim-Silvermann cannula, 
maintain that the method is an advance so far as 
the safety of the patient and the effectiveness of 
the method are concerned, but they have not 
published any material supporting this claim. 
This method would hardly be suited to biopsies 
on kidneys with impaired function. 

In 1957 Léfgren and Snellman [62,705] sug- 
gested that those who do not regularly perform 
kidney biopsies should proceed as follows: Under 
anesthesia a small incision is made at the tip 
of the twelfth rib, after which the finger is intro- 
duced and blunt dissection is carried out to the 
left kidney. Guided by the finger the cannula 
(a Gillman and Gillman syringe) is introduced 
into the kidney tissue. By this method tissue speci- 
mens were obtained in all fifteen cases examined. 

The technic of kidney biopsy which we have 
elaborated at the Kommunehospital will be 
briefly described: The patient is placed in the 
prone position with a sandbag under the ab- 
domen. As a rule we perform the biopsy on the 
right kidney; in a few cases, however, we do it on 
the left kidney, but consider this the more 
dangerous because of the spleen and the large 
vessels. We use an exploring needle but, unlike 
Kark and Muehrcke, we aspirate the cut 
cylinder of kidney tissue, using the Iversen- 
Roholm cannula and syringe for this purpose [47]. 

It is still an open question which of the at least 
seven cannulas available is preferable, since 
comparative investigations with respect to their 
respective effectiveness and possible complica- 
tions are not available. 
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Precautions Prior to Kidney Biopsy. As kidney 
biopsy is contraindicated in hemorrhagic diathe- 
sis, the bleeding time, clotting time, thrombocyte 
count and prothrombin percentage are always 
determined prior to the biopsy. It is advisable 
to know the blood group of the patient and to 
have compatible blood ready in the blood bank. 
By way of precaution it is advisable to carry out 
kidney biopsy on hospitalized patients only; in 
the opinion of some, only those departments 
particularly interested, and in the position to 
acquire a reasonable experience, should take up 
this procedure. We are inclined to subscribe to 
this point of view. 

In a few cases we have performed kidney 
biopsy on children for diagnostic reasons, but 
always under anesthesia; Kark et al. have in- 
formed us that they carry out kidney biopsy 
on children without anesthesia. 

As kidney biopsy, in our view, has great diag- 
nostic significance in acute renal failure, and is 
therefore of significance as a diagnostic aid prior 
to hemodialysis, it seemed worthwhile to deter- 
mine the risk attached to kidney biopsy when 
carried out prior to this treatment, during which, 
of course, the patient must be given heparin. 
Throughout the period from January 1954 to 
January 1958 seventy-four kidney biopsies have 
been attempted in our hemodialysis unit; nine- 
teen of these biopsies were carried out from one 
to six days prior to the hemodialysis. In eighteen 
patients there were no complications on taking 
the biopsy specimen, or in connection with the 
subsequent hemodialysis. In one patient (acute 
anuria), hemodialysis had to be _ instituted 
twenty-four hours after the kidney biopsy be- 
cause of the sudden onset of unexpected hyper- 
potassemia; after a few hours of dialysis pro- 
fuse urethral bleeding occurred owing to a 
fistula which had developed between the renal 
pelvis and the renal artery as a result of the 
biopsy. Nephrectomy was necessary; the patient 
recovered. We are of the opinion that kidney 
biopsy prior to hemodialysis is valuable and 
justifiable, but that it is advisable to wait two or 
three days after a biopsy before subjecting the 
patient to hemodialysis. 

Prior to kidney biopsy, we have at various 
times (when renal function permitted) carried 
out intravenous urography, both with and with- 
out a radiopaque marker placed on the skin for 
the purpose of locating the kidney; for a time 
we also took ordinary roentgenograms of the 
kidney with a thumb tack placed on the skin, 
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and in some few cases retrograde pyelography 
was also carried out as an aid to localization. 
It is our impression that on the whole these 
various roentgenologic controls do not aid much 
in locating the kidney, at any rate not in com- 
parison with the advance introduced by the use 
of the exploring needle. 

Precautions Following Kidney Biopsy. A patient 
on whom kidney biopsy has been performed 
should remain in bed during the first twenty-four 
hours following the procedure and, if there is 
any suspicion of bleeding, observation of the 
patient must be intensified, particularly with 
respect to pulse, blood pressure and the appear- 
ance of the urine. All urine passed during the 
twenty-four hours after a biopsy should be 
collected and examined for gross hematuria and 
blood clots; in case of gross hematuria the patient 
should remain in bed until it is certain that the 
bleeding has stopped. 

Muehrcke, Kark and Pirani [68] advise leav- 
ing the patient in the prone position on the sand- 
bag for at least the first thirty minutes after the 
biopsy, which perhaps assists hemostasis, pro- 
vided the patient can tolerate the prone position. 
In our experience a fall in blood pressure may 
occur in a tew patients as a result of the prone 
position, presumably because of a reduction in 
the venous return to the heart. The prone posi- 
tion is not particularly suitable for patients with 
cardiac and pulmonary disease who suffer from 
dyspnea. 

Contraindications. Various authors have enu- 
merated a rather long list of diseases to be con- 
sidered as contraindications to kidney biopsy. 
There is complete agreement that hemorrhagic 
diathesis is a contraindication, and in this con- 
nection it must be repeated that kidney biopsy 
should not be performed immediately prior to 
the administration of heparin as for example in 
hemodialysis. A further condition is that the 
patient must be tranquil; kidney biopsy should 
be avoided in agitated patients. The biopsy may 
be carried out satisfactorily in unconscious pa- 
tients provided the airway is kept free. Finally, 
it is agreed that kidney biopsy should not be 
performed when it is known that the patient has 
only one kidney. 

A number of authors (Lich [57], Lusted, 
Mortimore and Hopper [60], Muehrcke, Kark 
and Pirani [67] and Zelman [707]) have main- 
tained that uremia must be considered a con- 
traindication because of the hemorrhagic diath- 
esis which may accompany the condition. We 


have not regarded uremia per se a contraindica- 
tion to renal biopsy, and do not believe that a 
hemorrhagic diathesis is so frequent in uremia as 
to contraindicate kidney biopsy on such grounds 
in all cases of uremia. To throw further light 
on this question, we have compared the fre- 
quency of gross hematuria following kidney 
biopsy in patients with and without uremia. 
Biopsy has been carried out 119 times in patients 
with uremia (here defined as serum creatinine = 
6.0 mg./100 ml.). Of these 119 cases, eighty- 
eight represented acute uremia and thirty-one 
chronic uremia. Gross hematuria on the day of 
biopsy was found in twelve (10.1 per cent); 
hematurias persisting after the day of biopsy 
occurred in ten (8.4 per cent). In 365 biopsies 
carried out on patients without uremia, the 
corresponding figures were twenty-eight (7.7 per 
cent) and twenty-three (6.3 per cent). The fre- 
quency of hematuria in patients with uremia 
does not show a statistically significant deviation 
from the frequency of hematuria in the other 
patients. In our material, therefore, there is no 
basis for the assumption that biopsy in cases of 
uremia Carries any special risk. On the contrary, 
we are of the opinion that uremia of unknown 
etiology should be considered an indication for 
kidney biopsy, at least when the uremia must be 
presumed to be acute. 

There is agreement that pyelonephritis can- 
not be considered a contraindication (Muehrcke, 
Kark and Pirani [67,68], Lusted, Mortimore and 
Hopper [60]). We have examined the frequency 
of temperature rise after kidney biopsy, paying 
particular attention to chronic pyelonephritis, in 
order to determine whether or not the procedure 
might activate the inflammation. In sixty-two 
kidney biopsies carried out on patients with 
chronic pyelonephritis, temperature rises to 
above 38°c. were observed in 2 (3.2 per cent), 
while in the remaining group of 422 cases, com- 
prising all kidney diseases with the exception 
of pyelonephritis, temperature rises were ob- 
served in fifteen (3.6 per cent). A rise in tem- 
perature is thus a very rare sequel to kidney 
biopsy. There is nothing to suggest that pyelo- 
nephritis is activated by a renal biopsy. 

We have no experience with tuberculosis 
of the kidney but doubt that kidney biopsy 
should involve any great risk. The same may be 
said of tumours of the kidney. Nor are hydro- 
nephrosis, pyonephrosis and perirenal abscess 
contraindications in our opinion. 

The Effectiveness of Various Kidney Biopsy Meth- 
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ods. ‘The frequency with which various authors 
have obtained kidney tissue adequate for diag- 
nosis has been reported as follows: Fiaschi, 
Ercoli and Torsoli [29] obtained sufficient 
tissue in 60 per cent, Parrish and Howe [79] in 
78 per cent, Payet, Pene, Camain, Gouaze and 
Calvez [84] in 64 per cent, Reubi [94] in 75 per 
cent, Howe [37] in 69 per cent, Muehrcke, Kark 
and Pirani [67,68] in 96 per cent, Leonardi and 
Ruol [55,56] in 58 per cent, De Wardener and 
Hutt [23] in 75 per cent, Lusted, Mortimore and 
Hopper [60] in 90 per cent, Seltzer [703] in 47 
per cent, Schwiebinger and Hodges [702] in 59 
per cent, Bucht [76] in 72 per cent and Ross and 
Ross [95] in 88 per cent; Léfgren and Snellman 
(62,705) proceed as already described with very 
great efficiency (100 per cent), which of course 
is not surprising. 

In 1958 Brun and Raaschou [75] reported 
their experience from Poul Iversen’s department 
at the Kommunehospital. From May 1949 to 
July 1954 biopsy was carried out with the patient 
in the sitting position; 267 attempts at kidney 
biopsy were made by this method, and 106 
successful biopsies were achieved (40 per cent). 
Since July 1954 the patient has been placed in 
the prone position with a sandbag under the 
abdomen; up to January 1958 a further 243 
biopsies have been carried out, with positive 
results in 162 cases (67 per cent). In each method, 
the effectiveness increased with practice. 

Complications in Kidney Biopsy. The literature 
contains descriptions of certain complications 
following kidney biopsy which are deserving of 
further mention. An account will be given also 
of the complications in two more extensive 
biopsy series. 

In 1952 Alwall [7] reported that in 1944 he 
had had one death after kidney biopsy in a series 
of thirteen biopsies. This occurred in a patient 
who went into shock after the biopsy puncture, 
and who apparently was first treated twelve hours 
later. No hematoma could be demonstrated at 
autopsy, which must raise serious doubts as to 
whether or not the death should actually be 
ascribed to the kidney biopsy. The author, in a 
later publication (1955) with Erlanson and 
Tornberg [2] has in fact considered the possibil- 
ity that the death might have been due to retro- 
grade pyelography which was carried out at the 
same time. We share Alwall’s latter opinion. 

Among fifty biopsy attempts, Parrish and 
Howe [78] have had one serious complication: 
kidney biopsy performed with a Turkel. biopsy 
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instrument evoked a large retroperitoneal 
hematoma in a patient with hypertension. The 
hematoma was located, drained and packed, 
and the patient made an uneventful recovery. 
Howe [37] stated later that surgical intervention 
possibly was unnecessary in this case. 

Reubi [94], in a series of biopsies (number not 
stated), saw one death ascribed to kidney biopsy. 
Autopsy provided no explanation for the death. 
The site of the biopsy could hardly be seen, the 
hilum vessels and pelvis were not traumatized, 
and both renal pelves contained urine. Potassium 
intoxication might possibly have been the 
immediate cause of death, but the article con- 
tains no data on this point. 

Ross and Ross [95] observed one patient in 
whom a large retroperitoneal hematoma de- 
veloped after kidney biopsy, necessitating blood 
transfusion. The patient had malignant hyper- 
tension with uremia. The biopsy specimen 
showed severe amyloid infiltration of the glo- 
meruli and blood vessels, including a large 
artery from which the bleeding had probably 
occurred; there was no hematuria. The patient 
was discharged symptom-free fourteen days after 
the biopsy. 

Zelman [ 707} reported a case of bleeding after 
simultaneous liver and kidney biopsy in a 
moribund patient suffering from severe acute 
glomerulonephritis with uremia following an 
upper respiratory infection. After the biopsy 
specimens were obtained the patient gradually 
lapsed into coma and died about ten hours later. 
Hemorrhage was not suspected but at autopsy 
the abdominal cavity was found to be filled with 
2 L. of fluid and clotted blood. Right perirenal 
hemorrhagic infiltration was present, amounting 
to about 0.5 L. of blood. Hemorrhages were 
found subendocardially, in the stomach mucosa 
and in the renal pelves. The autopsy report 
suggested the diagnosis of acute interstitial 
nephritis or a pyemic kidney. The author 
concluded that the bleeding in this case may 
have been caused by increased capillary fragility, 
which may have been present prior to the biopsy 
as a result of the uremia. 

Muehrcke, Kark and Pirani [67,68] in 1955 
reported the complications encountered by them 
in 100 kidney biopsy attempts in eighty-seven 
patients, kidney tissue being obtained in ninety- 
six instances. Microscopic hematuria was ob- 
served in all ninety-six instances. The only 
complications noted were gross hematuria in 
seven cases and loin pain in eight. 
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Finally, Brun and Raaschou in 1958 [75] 
summed up their experience with regard to 
complications in kidney biopsy material con- 
sisting of 510 kidney biopsy attempts in 406 
patients. The complications of major importance 
observed were gross hematuria on the day of 
biopsy in 7.9 per cent and hematuria persisting 
after the day of biopsy in 6.6 per cent. Blood 
clots were observed in the urine nineteen times 
in the 510 attempts, and ureteral colic due to 
passage of clots, five times. The frequency of 
gross hematuria after biopsy in patients with 
arterial hypertension and in patients with 
uremia did not deviate significantly from the 
frequency of hematuria in the remaining pa- 
tients. Shock following kidney biopsy was 
observed twice; both patients recovered. A 
blood transfusion following kidney biopsy 
attempts was given in eleven cases (2.1 per cent). 
The twenty-four-hour endogenous creatinine 
clearance was examined both prior to and after 
the biopsy in 173 kidney biopsy attempts. In 
only two cases, a major transient decline in 
kidney function was observed after the biopsy, 
due in both instances to blockage by clots; on 
removal of the clots the creatinine clearance 
quickly returned to the initial value. In the 
remaining cases the creatinine clearance either 
rose or was unchanged after biopsy. A moderate 
retroperitoneal hematoma was noted in one case 
but surgical intervention was not considered 
necessary. A minor lesion of the gallbladder was 
observed in a single patient. Seven per cent of 
the patients complained of lumbar pain after 
the kidney biopsy, usually of slight or moderate 
degree. No deaths occurred as a result of kidney 
biopsy in this series. It is concluded that the 
risk involved in kidney biopsy is slight. 

How Representative Is the Tissue Obtained in 
Kidney Biopsies? Muehrcke, Kark and Pirani 
[67] have examined this question by taking 
samples with the biopsy cannula from ten differ- 
ent points of the kidney in a number of kidneys 
at the autopsy table; these biopsy specimens were 
compared with one another and with larger 
wedge sections taken from the same points in the 
kidney. There was excellent correlation between 
the ten biopsies and the larger wedge sections of 
the kidney. Muehrcke et al. consider a kidney 
biopsy specimen acceptable when it contains at 
least 5 glomeruli, at least in the case of diffuse 
nephropathies. Sala [99], in 100 cases of nephrop- 
athy, compared postmortem kidney biopsies 
(containing at least 10 glomeruli in each biopsy) 


with ordinary autopsy material from kidney 
tissue, and came to the conclusion that in the 
diffuse nephropathies there was good agreement 
between the two methods. 

Kark et al. [57], in a series of twenty-four 
patients with lupus nephritis and nine patients 
with disseminated lupus erythematosus and 
normal kidneys, examined the correlation 
between three simple kidney function tests 
(urea clearance, phenolsulfonphthalein excre- 
tion and specific gravity concentration) and 
the degree of renal damage indicated in the 
kidney biopsies, and found a good correlation. 
It has also been our experience (at least with the 
diffuse nephropathies) that there was always 
good agreement between kidney function and 
histologic findings {//], and there has never been 
any question of our having been misled by 
kidney biopsies in regard to the extent of the 
histologic lesions. While Muehrcke et al. de- 
mand at least 5 glomeruli in a biopsy specimen 
to be able to make a diagnosis, it should be 
noted that in several nephropathies (for example 
amyloidosis and diabetic glomerulosclerosis) 
the diagnosis can be made on fewer glomeruli. It 
is possible that one could be misled by kidney 
biopsies in acute and chronic pyelonephritis, 
due to the focal character of the disease; it is 
obvious that kidney biopsy can mislead when 
diseases of the kidney of such focal character as 
tumor, abscess and tuberculosis are in question. 

The Normal Histology of the Kidney, Based on 
Kidney Biopsies. ‘The published material on the 
histology of the normal kidney on the basis of 
kidney biopsies is so scanty that secure conclu- 
sions cannot be drawn. This is true, for example, 
in regard to the question as to how far the ap- 
pearance of the tubule cells can be correlated 
with their function. Bjgrneboe, Brun, Gormsen, 
Iversen and Raaschou [7] made the observation 
that glomeruli, even in normal kidney biopsies, 
contain surprisingly few erythrocytes when the 
tissue is fixed in alcohol; Muehrcke, Kark and 
Pirani [67] are of the opinion that this is due to 
their use of an aspiration technic. The reason 
actually is that Muehrcke et al. use formalin as a 
fixative, since by using this fixative we also find 
erythrocytes in the glomerular capillaries of 
kidney tissue obtained by the aspiration technic. 

The Significance of Kidney Biopsy for Diag- 
nosis and Prognosis. Acute anuric renal failure: 
In the case of acute renal failure, kidney 
biopsy has shown itself to be of considerable 
value [72,73,18,33,42,43,80]. We consider it an 
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important aid in the selection of patients for 
treatment by hemodialysis, because otherwise 
one is often unable to decide whether a patient 
with anuria has a reversible form of acute renal 
failure (for example, shock kidney), an irreversi- 
ble form of acute kidney disease, or is in the 
terminal stage of a chronic kidney disease. 
Should the biopsy show that the glomeruli are 
completely or almost completely destroyed by 
acute or chronic lesions then, with the thera- 
peutic resources we command today, there is no 
possibility of recovery. In such cases hemodialysis 
is seldom indicated, and if it were, one would 
hardly dialyse repeatedly over longer periods. 

Tubular lesions (ischemic, toxic) are reversi- 
ble to a much greater degree than glomerular 
lesions, and we believe that should tubular 
lesions be demonstrated in cases of acute renal 
failure, treatment by hemodialysis should be 
repeated as frequently as required, possibly “‘to 
the bitter end.” 

Renal biopsy has also made it possible to 
examine the histologic picture in non-lethal cases 
of acute anuric renal failure, and to follow the 
pathologic lesions throughout the course of the 
disease. 

In the examination of kidney biopsy speci- 
mens from patients with acute renal failure fol- 
lowing shock, there is often a striking and in- 
explicable disproportion between the few and 
slight lesions that can be demonstrated by the 
classic histologic technic and light microscopy, 
and the severe disturbances in kidney function 
accompanying this disease picture (Iversen and 
Brun [42], Brun [72], Brun and Munck [73]). The 
results of electron microscopic and histochemical 
investigations on kidneys from such patients will 
be awaited with great interest. 

It has been shown that the occurrence of frank 
tubular necrosis is infrequent even in severe cases 
of anuria, and that interstitial inflammatory 
infiltration and interstitial edema are among the 
more common findings. Hydropic changes in the 
epithelium of the proximal tubules have been 
found in many cases, but it is probable that these 
changes were due to infusions of dextran, sucrose, 
sulphate, etc., and not to the kidney disease as 
such (Brun and Munck [73}). 

Lassen and Thomsen [54], in a study of twenty- 
eight patients with so-called hepatorenal syn- 
drome, found that the histologic picture of the 
kidney lesions, as seen in biopsies, did not differ 
from that encountered in acute renal failure 
following shock. By a thorough study of the 
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case histories they could, in nearly all cases, find 
evidence of a period of shock preceding the renal 
shutdown. They concluded that the hepatorenal 
syndrome is nothing more than ischemic anuria 
in patients with liver or biliary disease. 

Kidney biopsies were performed by Casey 
and Woolf | 78] in two cases of toxic anuria caused 
by organic solvents. One was a patient who on 
admission was thought to have enteritis or 
obstruction of the small intestine. A biopsy 
performed on the first day of oliguria contributed 
substantially to the diagnosis; it revealed pro- 
nounced changes, mainly confined to the proxi- 
mal tubules, which showed dilatation and focal 
sloughing of the epithelium. A second biopsy 
was performed during the phase of polyuria, but 
the kidney did not appear much changed. A 
similar lack of correlation between the histologic 
picture and urine output and duration of illness 
has been found in acute renal failure following 
shock (Brun and Munck [73]). 

The nephrotic syndrome: The nephrotic syndrome 
is one of the groups of diseases for which kidney 
biopsy offers the greatest diagnostic support, 
since on the basis of the clinical criteria alone one 
often cannot distinguish with sufficient cer- 
tainty between the various underlying diseases. 
Moreover, as stressed by Pollak, Kark, Pirani, 
Soothill and Muehrcke [97], kidney biopsy has 
become of importance in evaluating prognosis 
in the nephrotic syndrome. Whereas previously 
it was difficult to make a prognosis on the basis of 
the clinical data, it now appears that the pa- 
tient’s prospects can be better judged by taking 
into account the extent and degree of severity 
of the glomerular damage. 

The diagnostic value of kidney biopsy in the 
nephrotic syndrome was shown by Bjgrneboe, 
Brun, Gormsen, Iversen and Raaschou [7]; 
biopsy in eight cases of this syndrome 
showed that no less than four patients had 
amyloidosis of the kidneys; the other four had 
chronic glomerulonephritis. Two had hardly 
any glomerular changes, and were perhaps cases 
of so-called “‘genuine lipoid nephrosis” (diabetic 
nephropathy had been excluded). Kidney biopsy 
was of diagnostic importance especially in the 
cases of amyloidosis of the kidneys, in which the 
underlying disorder did not manifest itself dis- 
tinctly in the clinical picture. 

These observations were later confirmed. in 
more extensive studies by Howe [37], and Pollak, 
Kark, Pirani, Soothill and Muehrcke [97], as 
well as in a smaller series by Ross and Ross [95]. 
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In Pollak et al.’s study, comprising fifty-six 
adult patients with the nephrotic syndrome, it is 
pointed out that the most frequent causes are: 
subacute glomerulonephritis, diabetic glomer- 
ulosclerosis and lupus nephritis (lupus erythe- 
matosus disseminatus); one is rather surprised 
to find only one case of amyloidosis in this 
extensive case material. On the other hand, 
Howe [37], in a series consisting of twenty-two 
cases of the nephrotic syndrome, comes to the 
conclusion that chronic glomerulonephritis (type 
11 nephritis) and diabetic nephropathy are the 
most frequent causes of the syndrome. 

In the nephrotic syndrome, serial kidney 
biopsies are particularly suited to elucidating 
the progression of the underlying diseases from 
their earliest stages, in which insignificant 
glomerular lesions are found (Kark, Muehrcke, 
Pirani and Pollak [50], Ross and Ross [95]). 
Muehrcke, Kark, Pirani and Schoenberger [66] 
have found that, as seen in light microscopy, the 
earliest morphological lesion in the nephrotic 
syndrome with subacute glomerulonephritis 
is moderate to severe fatty degeneration of the 
tubular cells, with normal glomeruli; thickening 
of the basement membranes and increased con- 
tent of cells; crescents in the glomeruli are not 
observed till later. 

Farquhar, Vernier and Good [27,28] studied 
kidney biopsy specimens, obtained from sixteen 
patients with the nephrotic syndrome, by means 
of the electron microscope. In every instance 
a striking abnormality was observed, consisting 
of a loss of the characteristic organization of 
epithelial cytoplasm into foot processes. Instead, 
broad masses of epithelial cytoplasm were seen 
partially or completely to cover the surfaces 
of the capillary loops. Additional changes were 
observed in the epithelial cytoplasm and in the 
endothelium, which often appeared swollen. 
The basement membrane was somewhat thicker 
than normal. The changes differed strikingly 
from those seen in glomerulonephritis and lupus 
nephritis. 

Dalgaard, of our group, has also demonstrated 
loss of the foot process organization in a seven- 
teen year old boy with a nephrotic syndrome of 
three weeks’ duration, a normal twenty-four- 
hour endogenous creatinine clearance, and a 
urinary protein excretion of 10 to 20 gm. per 
twenty-four hours. (Figs. 1, 2 and 3.) 

Pollak et al. [88,89] obtained serial kidney 
biopsy specimens in a case of bilateral thrombosis 
of the renal veins with the nephrotic syndrome. 


The interstitial tissue showed pronounced 
edema, and there was focal or diffuse thickening 
of the basement membrane in the glomerular 
capillaries, together with thickening of Bow- 
man’s capsule; the tubules showed atrophy and 
dilatation and frequently contained casts and 
protein-containing material. The findings seem 
to be rather unspecific. 

Acute glomerulonephritis: Although kidney bi- 
opsy specimens from patients with ‘“‘acute 
glomerulonephritis’” have been studied by a 
number of investigators, the method has thus 
far not altogether clarified the question as to 
just what this term actually includes. This 
designation is employed in some cases [75] 
to describe a more or less well defined clinical 
picture in which a streptococcal infection, after a 
course of one to two weeks, is followed by hyper- 
tension, edema, proteinuria and hematuria, and 
to which there correspond histologic lesions 
consisting of an intense proliferation and in- 
flammation of the glomerular tufts. At times, 
similar symptoms and histologic lesions are 
produced by other causes, for example, poly- 
arteritis nodosa, systemic lupus erythematosus 
and allergic diseases. Should the term acute 
nephritis be employed in these cases too? 

Bates, Jennings and Earle [3] have reported 
ten cases of a disease in which hematuria was 
associated with acute pharyngitis, and clinical 
and immunological evidence ruled out recent 
group A hemolytic streptococcal infections. In 
nine cases, in which kidney biopsies were ob- 
tained while the hematuria was still present, 
glomerular damage was found which was much 
milder and presumably more focal in distribu- 
tion than the more severe and proliferative 
changes observed in patients in whom acute 
nephritis followed a group A hemolytic strepto- 
coccal infection. Should this acute kidney disease 
also be called acute nephritis? 

Other investigators [74,34,37,38,40,97| have 
carried out biopsies on patients with clinical 
acute nephritis, but the results achieved can still 
not be said to have provided any clarification of 
the state of affairs in this disease group. As far 
as the gravity of the disease is concerned, there 
appears to be a good correlation between the 
clinical picture and the histological findings; 
on the other hand, estimation of the duration 
of the disease from the histologic criteria appears 
to be less certain, presumably because of igno- 
rance of the histologic lesions in the earlier 
phases. 
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Fic. 1. Changes in the epithelium of a typical glomerulus. Epithelial cytoplasm covers the luminal side of the basement 
membrane completely. No regular organization into foot processes is seen. X 14,500. 


Fic. 2. Greatly thickened and distorted basement membrane-like material is seen between two capillaries. Note the 


complete lack of foot processes. X 14,500. 


Farquhar, Vernier and Good [27,28] observed 
in electron microscopic studies that the glomer- 
ular changes in acute nephritis differed sub- 
stantially from the changes seen in lupus nephri- 
tis and the nephrotic syndrome. In acute 
nephritis the glomeruli showed predominantly 
proliferative changes in the endothelium and 
basement membrane. Hypercellularity was 
primarily due to an increase in the number of 
endothelial cells, secondarily to proliferation 
of epithelial cells and intraluminal accumulation 
of mononuclear cells. In spite of the epithelial 
swelling, the epithelial foot process organization 
usually appeared normal except in areas of 
severe damage. Accumulations of material 
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resembling the basement membrane were seen 
and, especially in the more damaged glomeruli, 
large masses of newly formed basement mem- 
brane-like material were present in bars or 
irregularly shaped strands interlaced with 
endothelial cytoplasm. It was suggested that the 
basement membrane-like material is synthesized 
as a result of endothelial activity. 

There is little doubt that the electron micros- 
copist can find changes in glomeruli which 
appear normal in light microscopy. 

It is likely that continued meticulous studies 
of serial biopsies, correlated with comprehensive 
clinical observations, will give clues to a better 
understanding of the natural history of the group 
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Fic. 3. Part of a proximal convoluted tubule cell. The basement membrane is seen to the extreme left. An elaborate 
system of membranes divides the basal cytoplasm into compartments with mitochondria, large vesicles and groups of 
small granules. Large granules or droplets are also seen. They are derived from mitochondria as they show occasional 
remnants of their internal membranes. At the right a well conserved brush border is seen. X 14,500. 


of diseases which, for lack of better knowledge, 
we call nephritis. 

Lupus nephritis: A number of investigators have 
examined the histological lesions in the kidney by 
means of kidney biopsy. In 1954 Lister and Baker 
[58] reported a case in which the diagnosis of 
systemic lupus erythematosus (SLE) could be 
made after examining a kidney biopsy specimen; 
a series of other examinations in this patient did 
not lead to any certain diagnosis. 

Muehrcke, Kark, Pirani and Pollak [73] in 
1957 published a comprehensive monograph on 
lupus nephritis (LN), based on examination of 
thirty-three patients with SLE, renal biopsy 
having been carried out once or several times 
(in all, fifty-seven biopsies). Twenty-four of these 
thirty-three patients had renal involvement on 
histologic evidence (73 per cent). The time of 
appearance of renal involvement in SLE was 
variable. The authors conclude that this may 
occur at the onset of the disease or at any time 
thereafter until just before death. 

Twelve patients had severe kidney lesions 
when first seen and these were classified as 
glomerulonephritis. Progression to chronic glo- 
merulonephritis and contraction of the kidney 
was seen in only four cases. Seven patients had 
the nephrotic syndrome at some time during the 
period of study and three had what the authors 
call a “‘pseudo-nephrotic”” syndrome, i.e., all 
criteria of the nephrotic syndrome were satisfied 
except that the serum cholesterol was low or 
normal. A low cholesterol nephrotic syndrome 
implied a grave prognosis and rapid death. 


The most important histologic changes in the 
glomeruli were: (1) wire loop lesions, (2) fibri- 
noid changes, (3) hyaline thrombi, (4) necrotic 
lesions, and (5) hematoxylin bodies. The tubular 
lesions seemed to lack specificity and were diffi- 
cult to interpret. With the exception of “he- 
matoxylin bodies,”’ no single histological feature 
could be considered pathognomonic of LN, 
but wire loops, local necrosis, fibrinoid and 
hematoxylin bodies occurred frequently in a 
combination peculiar to lupus nephritis. 

With respect to the effect of treatment with 
corticotropin and cortisone on the progression 
of renal lesions, the authors concluded that they 
did not find any evidence of regression of struc- 
tural damage to the kidney. However, they 
found no evidence that treatment with hormones 
caused progression. 

Joske and Stubbe [45] also examined kidney 
biopsy specimens from a number of patients 
with SLE. Nine of eleven biopsy specimens 
showed abnormalities, gross changes being 
present in five. They concluded that renal biopsy 
may be of value in SLE, partly as a tool in 
investigation and partly in prognosis, by detect- 
ing otherwise inapparent renal manifestations 
of this disease. 

Farquhar, Vernier and Good [27,28], by elec- 
tron microscopic examination of kidney biopsy 
material from three patients with SLE, found 
the most characteristic glomerular lesion to be a 
generalized increase in thickness of the basement 
membrane (from 4 to 6 times the normal thick- 
ness) associated with a variable degree of endo- 
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thelial proliferation. The epithelium did not 
appear to be altered until basement membrane 
thickening was quite severe. In one case 
“‘fibrinoid” appeared to accumulate between 
the basement membrane and the endothelium. 

Diabetic nephropathy: Kidney biopsy has shown 
itself to be a valuable tool in the study and diag- 
nosis of late diabetic kidney disease. Brun, 
Gormsen, Hilden, Iversen and Raaschou [77] 
in 1953 indicated the usefulness of kidney biopsy 
in the early cases which do not yet exhibit 
distinct clinical signs and symptoms of nephrop- 
athy. The study also supported the theory that 
diabetic nephropathy starts as diffuse hyaliniza- 
tion of the basement membranes in the glomer- 
uli, and that the nodular lesions may be con- 
sidered to be a further development of the diffuse 
lesions. 

Taft, Finck and Joske [706] were particularly 
interested in comparing the clinical history with 
the histological findings in diabetic nephropathy. 
They further pointed to the important fact, that 
completely normal kidney biopsies may be 
observed in both young and old diabetic persons 
who have had the disease from fourteen to 
twenty-one years. 

A particularly interesting investigation has 
been reported by Darnaud, Denard, Moreau 
and Suc [27,22]. These authors used periodic 
acid-Schiff staining to demonstrate the glyco- 
proteins which presumably constitute the char- 
acteristic deposits in the glomeruli. They believe 
that they have demonstrated the diffuse nodular 
lesion to be a further development of the 
diffuse lesion. 

Howe [37] emphasized that in diabetic persons 
with the nephrotic syndrome, kidney biopsy is 
the only means of deciding whether or not the 
typical nodular Kimmelstiel-Wilson lesion is 
present; a number of diabetic subjects with the 
nephrotic syndrome actually showed only what 
he calls an “‘arteriolo-nephrosclerosis,” that is, 
moderate diffuse thickening of the basement 
membrane in the glomeruli, together with 
hyaline thickenings of the arterioles. 

Electron microscopic studies of diabetic ne- 
phropathy are still in their infancy; Bergstrand 
and Bucht [6] have examined one case of diabetic 
glomerulosis, with the aid of electron microscopy, 
in order to determine more clearly the exact 
localization of the precipitates in the glomeruli. 
They found that the specific glomerular lesions 
in diabetic glomerulosclerosis consist of a thick- 
ening and folding of the capillary- basement 
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membrane accompanied by precipitation of a 
hyaline material in the cytoplasm of the endo- 
thelial cells and proliferation of these cells. 
Changes were also observed in the basement 
membrane of Bowman’s capsule. 

Chronic pyelonephritis: There is a single study 
available, by Kipnis, Jackson, Dallenbach and 
Schoenberger [53], on the significance of kidney 
biopsy for the diagnosis of chronic pyelonephri- 
tis. The rather limited number of observations 
indicated a good correlation between mor- 
phology and function in a disease of such focal 
nature as pyelonephritis. The authors were the 
first to have cultivated bacteria from the biopsy 
specimens, obtaining positive cultures in only 
two of thirteen patients with infection of the 
urinary tract. 

Kark, Muehrcke, Pirani and Pollak [49] have 
investigated a special type of pyelonephritis: 
Five patients with hematuria and proteinuria 
aroused no clinical suspicion of pyelonephritis, 
as pyuria, pain in the loins, fever, dysuria and 
bacteriuria were not present. By cultivating 
bacteria from the kidney biopsy specimens and 
determining their resistance, the authors suc- 
ceeded in arriving at a treatment which ap- 
parently provided a cure for the disease; they 
call this kidney disease ‘‘subacute, bacterial 
nephritis.” 

Various authors agree that pyelonephritis is 
not activated by the kidney biopsy procedure, an 
observation supported by our own experience, as 
previously mentioned. 

When evaluating kidney biopsies under cir- 
cumstances in which the diagnosis of pyelo- 
nephritis comes into question, one should bear 
in mind that a normal biopsy does not exclude 
this diagnosis, on the one hand because of the 
focal nature of the disease, on the other because 
it so often occurs unilaterally. 

Arterial hypertension: Essential hypertension 
and nephrosclerosis have not been the subject of 
investigation with the aid of percutaneous 
kidney biopsy, undoubtedly because this disease 
has been so thoroughly investigated by means of 
biopsy specimens taken during sympathectomy 
[ 79,26,30,31,36,100|. As these studies thus lie 
outside the scope of this review, the results will 
be only briefly touched upon. In Castleman and 
Smithwick’s investigation it was pointed out 
that arteriolar lesions are scanty in most cases 
of essential hypertension, from which the impor- 
tant conclusion was drawn that these scattered 
vascular lesions cannot be regarded as giving 
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rise to hypertension on the basis of ischemia, 
and that they must be considered to be second- 
ary to the hypertension. In 1957 Saltz, Sommers 
and Smithwick published the findings in a very 
extensive biopsy material, from 1,251 patients 
with hypertension who had undergone sympa- 
thectomy; they concluded, on the basis of 
clinicopathological evaluation of a large part of 
this material, that kidney biopsy should be 
considered an important supplement to other 
known methods of evaluating hypertension. 

Toxemia of pregnancy: Pollak, Pirani, Kark, 
Muehrcke, Freda and Nettles [90] have carried 
out serial renal biopsies in ten patients with 
toxemia of pregnancy. Two distinct lesions were 
found in the glomeruli of women with this 
syndrome: Either generalized swelling of the 
glomerular tuft or thickening of the basement 
membrane; the latter was associated with 
vascular changes. These lesions probably are 
the pathological counterpart of pre-eclampsia 
and of essential hypertension with nephro- 
sclerosis, respectively. In a third group, lesions 
of both types were observed and the swelling 
disappeared postpartum. These could be either 
cases of essential hypertension with super- 
imposed pre-eclampsia or cases of severe 
pre-eclampsia producing permanent vascular 
changes. 

Renal sarcoidosis: Kidney involvement is un- 
common in sarcoidosis. Léfgren, Snellman and 
Lindgren [63] studied sixteen patients with 
typical pulmonary sarcoidosis by means of 
kidney biopsy and renal function tests: in six 
patients with hypercalcemia kidney function 
was reduced, and on kidney biopsy specific 
lesions were found (hyalinization of Bowman’s 
capsule, epithelioid cell granulomas and cal- 
careous deposits); in the remaining cases without 
hypercalcemia kidney function was only slightly 
reduced, and as a rule no specific degenerative 
lesions were found in the kidney tissue. Berger 
and Relman [4] described a case of sarcoidosis 
localized to the kidneys; this patient did not 
have hypercalcemia, and the kidney disease 
did not improve with cortisone treatment. 

Multiple myeloma: Greenwald, Bronfin and 
Auerbach [35] have performed kidney biopsy in 
five patients with myelomatosis and nephropa- 
thy; diffuse histologic kidney lesions were seen, 
but nothing which could be considered specific 
for myelomatosis. 

Bilateral cortical necrosis: This rare disease of 
the kidney has been diagnosed four times in 


vive with the aid of kidney biopsy (Gormsen, 
Iversen and Raaschou [33], Gjgrup, Killmann 
and Thaysen [32], Boucot, Guild and Merrill 
[70], Ober, Reid, Romney and Merrill [76]). 
In the case reported from our clinic kidney 
biopsy was decisive in leading to initiation of 
adequate treatment by peritoneal dialysis, 
with recovery from prolonged and severe anuria 
and uremia. The patient’s renal function was 
subsequently gradually restored and a year later 
reached a maximum value of about one-half 
the normal; two years after the disease she 
carried through a normal pregnancy. 

Nephrocalcinosis: Kidney biopsy has great im- 
portance for the diagnosis of the many different 
forms and causes of nephrocalcinosis; a study by 
Bjgrneboe, Brun, Gormsen, Iversen and 
Raaschou [9] on nephrocalcinosis in hyper- 
parathyroidism and vitamin D» poisoning may 
be mentioned as an example of this; the prog- 
nostic significance of the presence or absence of 
glomerular damage in this connection was also 
demonstrated. 

Nephropathy of potassium depletion: The recently 
elaborated clinical concept of the nephropathy 
of potassium depletion (kaliopenic nephropathy) 
offers a suitable field for renal biopsy investiga- 
tions (Conn and Johnson [20]). There is much to 
suggest that chronic hypopotassemia in con- 
nection with a significant deficit in the potassium 
stores of the body can result in characteristic 
anatomic and functional lesions of the con- 
voluted tubules. Such a nosologic entity does 
exist but it should be stressed that the histologic 
findings typical of the disease (tubular vacuolar 
nephropathy, clear cell nephrosis) are hardly 
specific. Attention may be drawn to the similar 
lesions observed by Brun and Munck {/3) in 
acute anuria in which hypopotassemia was not 
present; these lesions were all found in patients 
who had received dextran. 

Relman and Schwarts [92,93] obtained kidney 
biopsy specimens from three patients with 
severe potassium deficit due to chronic diarrhea 
and found hydropic and degenerative lesions in 
the convoluted tubules, but no glomerular or 
vascular lesions; when the potassium balance 
was re-established the histologic lesions disap- 
peared completely in one patient and improved 
in another. Further biopsy studies of this inter- 
esting syndrome would be desirable. 

Amyloidosis of the kidney: Kidney biopsy has 
particular diagnostic significance in amyloidosis 
of the kidney, as this diagnosis is often confused 


AMERICAN JOURNAL OF MEDICINE 


i 
¥ 
4 
‘ 
4 
af 
4 
ow 
3 
| 
J 
4 
A 


Kidney Biopsies—Brun, Raaschou 687 


clinically with other chronic nephropathies and 
cannot be made in any other way with certainty. 
Cases of amyloidosis of the kidney diagnosed by 
this means have been described by Bjérneboe, 
Brun, Gormsen, Iversen and Raaschou [7], 
Alwall [7], Ross and Ross [95] and Muehrcke, 
Kark and Pirani [67]; in the last-named investi- 
gation the patient had amyloidosis in spite of a 
negative Congo red test. 

In primary amyloidosis, kidney biopsy is of 
particular importance in diagnosis, because of 
the absence of other diseases known to cause 
amyloidosis. So far two cases have been pub- 
lished of this disease in which kidney biopsy has 
been of value in establishing the diagnosis 
(Bjgrneboe, Brun, Gormsen, Iversen and 
Raaschou [7], Muehrcke, Pirani, Pollak and 
Kark [69]). 

The Significance of Kidney Biopsy in Therapy. 
While the significance of kidney biopsy for 
investigation of renal diseases is indisputable, 
opinions are divided as to its practical clinical 
value. While Kark and his school, as well as 
ourselves, consider it important in the diagnosis 
and prognosis of renal diseases, others view its 
significance in this respect as more limited (Bucht 
[76], Ross and Ross [95]). It is true that at the 
moment its significance in the treatment of 
renal diseases is limited if only because our pres- 
ent therapeutic means are so restricted. Never- 
theless, areas are now appearing in which one 
might justly maintain that benefit may be 
derived from the use of kidney biopsy as a guide 
in the treatment of renal diseases. In the follow- 
ing section some examples of this will be briefly 
mentioned. 

Extra-corporeal dialysis: We often perform 
kidney biopsy at the Kommunehospital in pa- 
tients with acute renal insufficiency, for one 
thing with a view to the differential diagnosis 
between acute renal failure and chronic ne- 
phropathy with anuria. We consider the exact 
histologic diagnosis to be of importance in 
evaluating how actively the patient should be 
treated by hemodialysis. As previously men- 
tioned, we wait from two to three days after the 
biopsy before carrying out the dialysis. 

Kidney biopsy is employed to a much lesser 
extent at a number of other dialysis centers. For 
example, Merrill [65] is very cautious in his use 
of kidney biopsy due to fear of hemorrhage in a 
possible subsequent dialysis, in view of the 
heparinization necessarily involved. Merrill 
first carries out kidney biopsy after two weeks of 
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anuria, and then waits from five to six days 
before the next dialysis. 

In severe acute glomerulonephritis with 
anuria (Brun, Gormsen, Hilden, Iversen and 
Raaschou [74]), dialysis is presumably useless 
when the biopsy specimens show severe destruc- 
tive glomerular lesions; however, we have not 
yet had sufficient experience with such patients 
who have undergone repeated hemodialyses. 

ACTH and cortisone treatment in the nephrotic 
syndrome: Kidney biopsy is a useful aid in the 
treatment of the nephrotic syndrome; for one 
thing, it makes possible selection of those 
patients with the maximum chance of response 
to ACTH and cortisone, and for another the 
effect of the hormone treatment on the renal 
parenchyma can be followed. In 1952, Bjgrne- 
boe, Brun, Gormsen, Iversen and Raaschou [8], 
on the basis of a small number of patients, 
were able to submit the hypothesis that ACTH 
has a beneficial effect in patients with sparse 
glomerular lesions; the correctness of this 
hypothesis is supported by the work of Ross and 
Ross [95] on prednisone treatment of type u 
nephritis and the work of Pollak, Kark, Pirani, 
Soothill and Muehrcke [97] on ACTH and 
cortisone treatment of the nephrotic syndrome. 
Bjgrneboe et al. [8], in a patient with the ne- 
phrotic syndrome due to “genuine” nephrosis, 
made the further observation that an originally 
low tubular epithelium became high after 
treatment with ACTH. Kark, Muehrcke, Pirani 
and Pollak [49] made the same observation on a 
boy with the nephrotic syndrome. 

Subacute bacterial nephritis: Reference should be 
made to page 685 for the significance of kidney 
biopsy in the treatment of this disease entity, as 
indicated by Kark, Muehrcke, Pirani and 
Pollak [49]. 

ACTH and cortisone treatment in lupus nephritis: 
As already mentioned, Muehrcke, Kark, Pirani 
and Pollak [73] found that treatment with 
corticotrophin and cortisone had no effect on 
the progression of renal lesions in lupus nephritis. 
The treatment itself did not cause any appreci- 
able kidney damage. 

Finally, it should be mentioned that kidney 
biopsy is considered of value in cases of diabetes 
when hypophysectomy or adrenalectomy is 
under consideration. 

The Significance of Kidney Biopsy as a Scientific 
Tool. Kidney biopsy will probably find its 
greatest value in this field. Here, interest is 
first and foremost being directed to the cyto- 
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chemical and electron microscopic investigations 
of normal and pathologic kidney tissue. Research 
in both these fields is oniy beginning. 

As yet, there is very little published on the 
cytochemical investigations of kidney biopsy 
samples. For example, Bjgrneboe, Brun, Gorm- 
sen, Iversen and Raaschou [7] have tried to use 
Gomori’s method for determination of the pres- 
ence of alkaline phosphatase in the proximal 
tubules in normal kidney tissue and in the 
nephrotic syndrome. No results of particular 
value were obtained in these investigations. 
Kark, in a personal communication, has in- 
formed us that an extensive experimental study 
is now being carried out on the enzymatic pat- 
tern of the renal parenchyma, partly in kidney 
biopsy sections, partly with microdissected 
nephrons, but no reports have been published 
as yet. 

The electron microscopy of kidney biopsies 
constitutes a new field with unlimited possi- 
bilities. Studies on the appearance of the glomer- 
ular membrane in diabetic nephropathy, ne- 
phrosis and acute anuria come to mind. Investi- 
gation of the fine structure of the tubule cells in 
various renal diseases is awaited with the keenest 
interest. Those interested should refer to the 
publications of Farquhar, Vernier and Good 
[27,28] and Mueller, Mason and Stout [74]. 

In this connection, the significance of kidney 
biopsy for an understanding of the mechanism of 
proteinuria and hematuria should be mentioned. 
In sections of biopsy specimens from a series of 
patients with protein-free urine, proteinaceous 
material was observed both in Bowman’s 
capsule and in the lumen of the tubule [42,50,66]. 
This observation, the correctness of which we can 
confirm, supports the concept that, to a certain 
extent, protein is normally filtered by the 
glomeruli and reabsorbed in the tubules. The 
same authors believe that in a few cases they 
have observed the occurrence of hematuria by 
the rupture of a peritubular capillary and hemor- 
rhage into the lumen of the tubule. 
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ADDENDUM 
Since the completion of this manuscript our 
attention has been drawn to the following 


papers: 
(1) G., V. E., Rem, R. T., 


Pirant, C. L. and Kark, R. M. Electronmicro- 
scopic studies of renal biopsies taken from 
nephrotic patients before and after diuresis. 
J. Lab. & Clin. Med., 50: 813, 1957. 

(2) GaAn, E. and Masé, C. Needle biopsy 
in children with nephrosis. A study of glomerular 
damage and effect of adrenal steroids. Pediatrics, 
20: 610, 1957. 

(3) Imura, S. and Sutra, H. A study on the 
correlation between renal function and histo- 
logical findings got by renal biopsy. Rinsho Naika 
Shonika, 12: 1079, 1957. 

(4) Imura, S. and Sutra, H. Kidney biopsy 
procedure. Rinsho to Kenkyu, 34: 33, 1957. 

(5) Jackson, G. G., Potrter, K. P. and 
GriEBLE, H. G. Concepts of pyelonephritis: 
experience with renal biopsies and long-term 
clinical observations. Ann. Int. Med., 47: 1165, 
1957. 

(6) Kark, R. M., Mueurcke, R. C., PoLLak, 
V. E., Prrani, C. L. and Kuerer, J. H. An 
analysis of 500 percutaneous renal biopsies. 
Arch. Int. Med., 101: 439, 1958. 

(7) Kinosuira, Y., Arai, O., KamMeyaAma, H., 
Karaaciri, Y. and Ecucui, Uber Nieren- 
biopsie und den Zusammenhang zwischen 
histologischem Befund und Nierenfunktions- 
zustand. Acta med. et biol., 4: 325, 1957. 
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On the Diversities of Structure, Perfusion 
and Function of the Nephron Population’ 


STANLEY E. BRADLEY, M.D. and HENRY O. WHEELER, M.D. 
New York, New York 


HE remarkable advances in renal physiology 

during the last half century have been made 
possible by the formulation of a satisfactory 
theory of urine formation. The demonstration 
[7-6] that glomerular fluid is an ultrafiltrate of 
plasma banished other hypotheses from the 
field in supporting the view that urine is pro- 
duced by the action of tubules upon a glomerular 
filtrate. On the strength of this finding, clear- 
ance methods—based ultimately upon the Fick 
principle—were devised for the measurement 
of total glomerular filtration rate and renal 
blood flow [7]; thus making it feasible to define 
and to assess quantitatively the various discrete 
tubular functions. Although the kidneys are 
congeries of organelles—the nephrons—it has 
become customary to discuss renal function and 
the localization of individual tubular operations 
as if one such unit were concerned, or as if 
dividing total overall function by the number 
of nephrons would yield a measure of function 
in the single unit. This simplification would be 
justifiable if the nephron population were rela- 
tively uniform or if each nephron were organized 
so as to produce urine of same amount and com- 
position each minute. In fact, however, consid- 
erable structural variety is clearly demonstrable 
and much evidence indicates non-uniformities in 
perfusion, filtration, and tubular behavior. A 
full understanding of the processes of urine 
production requires a careful evaluation of these 
diversities. 

Anatomic Evidence of Nephron Diversity. Sur- 
prisingly little information is available regarding 
the nephron population as a whole. Orthodox 
histologic methodology yields an incomplete 
and perverted picture of a single nephron, not 
to mention the entire assembly of units. Unfor- 
tunately, dissecting out the individual elements 
is a tedious and difficult business that, more 


often than not, is unrewarding. Microdissection 
involves subjecting the kidney to prolonged 
treatment with strong hydrochloric acid and 
careful separation of the adherent, brittle and 
tenuous tubules, a process in which distortion 
of shape and dimensions is inevitable. Complete 
intact nephrons are difficult to obtain and the 
final figures must suffer some bias in the fact 
that measurements are obtained only for the 
tougher and more accessible varieties. For these 
reasons it is fortunate perhaps that the values 
in the literature are too few to permit a thor- 
ough statistical evaluation. According to Oliver 
[8] only fourteen complete nephrons from human 
kidneys have been measured [9,70]. He has 
added the dimensions of eighty-three proximal 
segments (twenty-four, twenty-nine, and thirty 
from different kidneys) but not of the whole 
nephrons. Even in the extensive study of mam- 
malian nephrons reported by Sperber [//]}, the 
number of completely measured nephrons from 
any single kidney seldom exceed six to twelve. 
The data [72-75] available on glomerular size 
are also unsatisfactory but owing to the greater 
ease with which glomeruli may be obtained, 
they are probably more representative. Taken 
as a whole, some notion may be obtained re- 
garding the range and character of structural 
variation among the nephrons, although it must 
be admitted that generalizations from such 
small samples are not altogether reliable. 

The organization and distribution of the 
nephrons suggest considerable variability |8—76]. 
Three basic categories, depending upon the site 
of origin, appear to be present in all mam- 
malian kidneys [70,77]. Relatively short neph- 
rons are found in the outermost portion of the 
renal cortex. They lack a thin limb and are 
characterized by short loops of Henle which are 
formed by the ascending or first portion of the 


* From the Department of Medicine, College of Physicians and Surgeons, Columbia University and the Presbyterian 
Hospital, New York, New York. Aided by grants from the New York Heart Association. 
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distal tubule. A second category which arises in 
the middle and outer zones of the cortex is 
marked by a short thin limb, the bend of which 
is also formed by the distal tubule. The longest 
nephrons begin in the deep cortex, the proximal 
convoluted tubule coursing irregularly in the 
vicinity of its glomerulus, and then extending 
almost directly to the medulla in a ray together 
with similar segments of other nephrons to form 
the thin limb which passes a variable and often 
considerable distance into the papilla. After 
bending, the thin limb changes gradually into 
the ascending portion of the distal segment 
which returns directly to the glomerulus of 
origin, where it is attached to one of the ar- 
terioles before terminating in distal convolutions. 
The tubules are definitely separated and stacked 
from the medulla outward in more or less 
alternating masses of distal and convoluted 
tubules. The final convergence upon the col- 
lecting tubules results in variable distances from 
the end of the distal segments to the renal pelvis. 
Measurements of these distances are lacking. 
The actual dispersion in dimensions of the 
nephrons proper, however, is much less than one 
might expect. In man [7/0] the proximal seg- 
ments range in length from 12 to 24 mm., the 
thin limb from 0 to 14 mm., the broad or 
ascending portion of the distal segment from 6 
to 18 mm., and the distal convoluted tubules 
from 2 to 6 mm. The total length of nephrons 
run from 20 to 44 mm. In studies of a large 
number of other mammalian species, Sperber 


[77] found that the proximal tubule makes up 


from 40 to 60 per cent of the total length in all 
nephrons and forms the bulk of the renal mass. 
Glomeruli vary in size to approximately the 
same extent as the proximal tubules [9,77]. 
Some difficulty in assessing glomerular linear 
dimensions and mass, results from the tendency 
for shrinkage and distortion of the capsule to 
occur during the process of isolation. For prac- 
tical purposes it may be considered a sphere 
and volume computed from the diameter. 
Actually, however, it is more often a flattened 
ovoid body. The diameters appear to vary 
within a twofold range, averaging about 37 
microns in the mouse, 100 microns in man, and 
up to 170 microns in the elephant [9,77—73]. 
The range in filtration is probably much greater 
than this variation suggests because the filter- 
ing surface should be a function of capillary 
length which is related to the volume rather 
than to the diameter of the glomerulus; i.e., it 
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should vary as the third power of the diameter. 
A twofold range in diameter, therefore, implies 
an eightfold range in the area available for 
filtration. On the basis of the data available 
[77,72], computed glomerular volume appears to 
be linearly related to the weight of the kidney, 
suggesting a good correlation between the area 
of filtration and the mass of the proximal tubule. 
Thus, in the mouse with 12,430 glomeruli in a 
kidney weighing 123 mg., the total glomerular 
volume-kidney weight ratio comes to approxi- 
mately 3 K 10® w* per mg. whereas, at the 
other extreme, in the elephant with 7,500,000 
glomeruli in a kidney weighing 3,650,000 mg., 
the ratio amounts to 5 K 108. Whether or not a 
similarly close correlation obtains within the 
nephron population of a single kidney has not 
been established, although unpublished meas- 
urements made by Oliver [77] indicate that it 
does. 

With disease, the variety of nephron structure 
becomes more markedly variable. Oliver [78] 
has found that the extremes broaden to include 
marked hypertrophy on the one hand and 
atrophic shrinkage on the other, with all grada- 
tions between. Depending upon the etiology, 
focus of injury and rate of progression, glomeruli 
and the various portions of the tubules are af- 
fected variously so that tubular structure is 
seriously disorganized. In addition, connective 
tissue replacement of damaged tissue and con- 
traction of fibrous scar tissue result in further 
disturbances by displacement, obstruction or 
distortion of glomeruli and tubules, independ- 
ently of specific etiology. This activity is erratic 
and focal, although widely disseminated, and its 
effect is undoubtedly productive of even greater 
variation in nephron structure and function. 
The same process acts upon the vasculature and, 
by interference with the uniform distribution of 
the blood supply, results in an irregular diminu- 
tion of filtration. Glomeruli range widely from 
a wasted vestige, consisting of a few scarcely 
patent capillaries, to wildly hypertrophic tufts 
ten times the normal size. Some tubules, seem- 
ingly functionless, are aglomerular; others must 
cope with quantities of filtrate far beyond their 
capacity. The glomerulotubular balance of 
functions implicit in the structural correlations 
in the normal kidney must be completely de- 
ranged under these circumstances, although it is 
possible that the hemodynamic adjustments that 
control filtration pressure play a compensatory 
role [79,20]. In any case, the obvious exaggera- 
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tion of anatomical diversity must indicate a 
corresponding spread in function. 

Hemodynamic Causes of Functional Diversity. 
The formation of urine is essentially a circula- 
tory function, subject to hemodynamic control 
and to the balance of opposing oncotic and 
hydrostatic pressures operative across capillary 
walls. As such a circulatory product, the volume 
of filtrate may vary widely in association with 
changes in arterial pressure and intrarenal ar- 
teriolar resistances, independently of the area of 
the capillary surface which is available for fluid 
and solute transfer. The position of the glomeru- 
lar capillaries close to the arterial system and 
between two active arterioles assures at once the 
maintenance of a high intraglomerular capillary 
pressure (more than 50 per cent of the peripheral 
arterial pressure [7,27]) and precise local control 
of flow. No evidence of arteriovenous shunts or 
other glomerular bypasses have been obtained 
except in the severely diseased kidney [78]. 
Hence, all the blood perfusing the kidney must 
first pass through the glomerular capillary bed, 
and is thus subject to the same controlling in- 
fluences. However, the peritubular capillary 
network is freely anastomotic and exclusion of 
blood from a particular glomerulus does not 
necessarily interfere with the supply of blood to 
the remainder of its nephron. The renal vascu- 
lature is a remarkably low resistance system 
into which as much as one quarter of the cardiac 
output pours each minute. Its organization is 
such as to assure a fairly uniform distribution of 
blood throughout the cortex. The blood per- 
fusing the medulla must pass down widely patent 
straight capillaries into the papillae and re- 
turn by way of a tight “hair-pin loop” to the 
interlobular venous outflow [22]. The difference 
in the vascular arrangements in the two parts 
of the kidney may not only reflect differences in 
the distribution of blood but also in the charac- 
ter of the extracellular fluid environment. 
Thus, active regulation of the renal circulation 
may be a major determinant of nephron ac- 
tivity, both by control of the volume of filtrate 
which is available to the tubules and by direct 
influence upon tubular cellular function. 

Richards and Schmidt [7] were the first to 
find by direct observation that a fraction of the 
glomeruli in the frog’s kidney might be inter- 
mittently unoperative under seemingly normal 
resting conditions. They saw glomeruli through 
which blood was flowing vigorously suddenly 
shut down, presumably as a result of arteriolar 


vasoconstriction. After a variable period of 
complete quiesence, active perfusion began 
abruptly. Alternation between full activity and 
the complete absence of function could have 
occurred in such a manner that a relatively 
fixed proportion of the glomeruli remained 
operative with resultant constancy in the total 
glomerular filtration rate. With hydration, or 
during the action of diuretic agents, a larger 
number of glomeruli appeared to be in opera- 
tion at any one time, suggesting the possibility 
that inactive units made up a kind of functional 
‘reserve.’ Other workers [23-25] soon con- 
firmed these observations in the frog. Further 
support for the belief that glomerular inter- 
mittency might be a general phenomenon 
seemed to come from the failure to find dye, 
hemoglobin or other easily detectable materials 
in a substantial fraction of the glomeruli and 
tubules soon after injection directly into the 
renal artery of various animals [26,27]. However, 
on further investigation [28], it became appar- 
ent that lamination of flow results in an irregular 
distribution of any particulate material which is 
introduced directly into the large renal arteries, 
depending upon the variable factors of branch- 
ing, eddies and skimming, so that the material 
may fail to enter some fully functioning glo- 
meruli. In addition, as technics were improved 
and preparation of the animal was more care- 
fully controlled to avoid undue stress and 
dehydration, alternation of glomerular activity 
became less apparent. Under direct examina- 
tion, mammalian glomeruli were found to be 
continuously active, although none was watched 
for more than a very short period [5]. However, 
tubular urine has been sampled on many oc- 
casions and found to be formed continuously in 
all tubules punctured [5,6,29]. In the amphibian 
kidney, also, intermittency now seems to be an 
unusual manifestation resulting from dehydra- 
tion, hemorrhage or autonomic stimulation. 
Even under these conditions, the change in 
activity is more commonly gradual rather than 
abrupt, passing from complete glomerular 
ischemia to a state of sluggish inadequate per- 
fusion of a few capillary loops rather than to full 
activity [25,30-32]. These observations are par- 
ticularly important because they give substan- 
tial support to the view that glomerular filtra- 
tion is not an “all or nothing” phenomenon. 
Filtration can be affected not only by changes 
in the number of glomeruli in operation, but also 
by change in their activity. A somewhat similar 
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condition seems to apply to the individual 
glomeruli, in that filtration depends both upon 
capillary pressure and surface; i.e., upon the 
number of capillaries in operation as well as 
upon the effective filtration pressure. 

In the first approximation it seems likely that 
blood passing from the hilus to the periphery 
of the kidney must traverse vascular channels 
having a greater path length, and therefore 
offering a greater resistance to flow. As a con- 
sequence, glomeruli examined directly upon the 
surface must be precisely those in which per- 
fusion pressure is critically reduced in hypo- 
tensive conditions. The resultant state of hemo- 
dynamic instability may thus exaggerate the 
importance of glomerular intermittency. By the 
same token, however, it follows that arterial 
hypotension, intrarenal arteriolar constriction, 
or any other mechanism by which perfusion is 
reduced, will have a greater effect upon the 
peripheral than upon the central portions of the 
kidney. The technic of radiomicrography de- 
vised by Barclay [33], and used so effectively 
by Trueta [22], Daniel [34,35] and their col- 
leagues, yields graphic evidence that this con- 
clusion is valid. Motion pictures of the move- 
ment of radioopaque material through the 
kidney show somewhat more rapid and volumi- 
nous perfusion of the medulla than of the cortex, 
a difference which is greatly increased in ex- 
perimental animals after blood loss or trauma. 
This appearance of cortical ischemia is not to 
be construed as evidence of a shunt or “‘medul- 
lary bypass” that diverts blood from cortical 
tissue by active vasodilation. It seems rather 
more likely that intense and widespread vaso- 
constriction affecting all parts of the kidney 
simply intensifies the difference in relative per- 
fusion of cortex and medulla. Although sug- 
gestive, these data do not prove that the intensity 
of vasoconstriction varies within the renal 
arteriolar system. The differences in path 
lengths may be quite sufficient to account for 
the contrast between cortical and medullary 
perfusion. Nor can it be said that similar dif- 
ferences characterize the distribution of blood 
under “‘physiologic conditions,’ but it is clear 
that distributional changes may indeed be 
involved in more commonplace adjustments. 
Non-uniformity in distribution to the various 
parts of the kidney, to the glomeruli and even 
to different glomerular capillaries [36], coupled 
with the diversity of nephron structure, would 
seem to guarantee a considerable variation in 
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glomerular and tubular function, particularly 
under stress. 

The Distribution of Glomerular Activity. To 
evaluate the effects of irregularities in perfusion, 
glomerular filtration must be measured in terms 
of the contributions of the individual units, and 
blood flow must be assessed in terms of the 
nephrons, rather than the organ as a whole. 
The discovery [7,37—39] that the tubular transfer 
of most substances is limited by a maximal rate 
(transport maximum = Tm) characteristic for 
each, has provided a means by which this can 
be done. Glucose Tm and diodrast® Tm have 
been particularly useful. When the filtered load 
of glucose (arterial plasma concentration multi- 
plied by the filtration rate) is increased by rais- 
ing the plasma level, reabsorption increases to 
the maximum and then becomes constant, the 
excess glucose filtered appearing in the urine. 
Diodrast and sodium p-aminohippurate (PAH) 
behave similarly, but in this case, the load im- 
posed upon the tubules depends upon the ar- 
terial plasma level and the renal plasma flow, 
and when the load rises above Tm, output be- 
comes constant except for the fraction added by 
filtration. Both reabsorptive and secretory Tm 
are dependent upon continued filtration, but 
the difference in loading and transfer mecha- 
nisms serves as a useful check. Both transfer 
systems may be blocked or inhibited by various 
competing or toxic substances [7], but on the 
whole they have proved to be reliable measures 
of the functioning mass of nephrons receiving 
filtrate. 

In man [39], large changes in urine flow and 
filtration rate may occur in the absence of sig- 
nificant alteration in either glucose or diodrast 
Tm. Forster [40], in contrast, has found that 
glucose Tm and urine flow are closely corre- 
lated in the frog, possibly indicating an “all or 
nothing”’ glomerular intermittency in the intact 
animal. A number of workers [47-45] have re- 
cently brought forward evidence that in man, 
as in the frog, a close correlation obtains be- 
tween glucose Tm and glomerular filtration 
rate, both values rising and falling together 
under a variety of experimental conditions. 
These reports have been received with some 
scepticism [7,46,47]. Inadequate data have been 
presented to be certain that the authors have 
maintained an adequate load, although mention 
is made in most papers of plasma glucose con- 
centrations that seem to be more than sufficient 
to assure saturation of the glucose transport sys- 
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tems. Both reabsorptive and secretory transport 
maximums have been found to change together 
in relation to filtration, but inadequate data are 
presented to indicate that both values fell to the 
same extent as one would expect if a random 
sample of the nephron population were re- 
moved from function. All these authors [47-45] 
interpret their findings as evidence of “‘glomeru- 
lar intermittency.’’ Unfortunately, this expres- 
sion bears the connotation of an alternation 
between full and absent activity for which, as 
noted previously, there is little evidence. The 
data are all equally compatible with widespread, 
but irregular, vasoconstriction that has pro- 
duced an increase in the dispersion of glomeru- 
lar activity. The failure to achieve maximal 
transport at the usual plasma levels of glucose 
certainly implies the development of a more 
marked diversity in nephron function, some 
units perhaps being so poorly supplied with fil- 
trate as to be for practical purposes no longer op- 
erative. Examination of this possibility requires a 
more detailed study of the inter-relationship be- 
tween load and the rate of reabsorption which, as 
with the simultaneous measurement of secretory 
Tm, is not yet available. 

Theoretically, ali the glucose filtered should 
be reabsorbed during its passage down the 
tubule until the Tm level is reached, when 
sugar should begin to appear in the urine, and 
reabsorption should become constant. In fact, 
however, as the plasma glucose level is gradually 
increased (“glucose titration’), glucose begins 
to appear in the urine at values somewhat less 
than Tm and reabsorption does not become 
constant until the load is in excess of Tm. In 
the dog the glucose threshold is very close to 
Tm, and plotting reabsorption against load 
results in close agreement between the observed 
and theoretical values with very little departure 
(“splay”) at the point of inflection at which 
reabsorption becomes constant and abruptly 
stops increasing in direct proportion to load 
along a straight line with a slope of 45 degrees. 
Splay is somewhat more marked in man, gly- 
cosuria beginning, as a rule, when the load is 
60 per cent of Tm and reabsorption leveling off 
when the load is 50 per cent above Tm. The 
remarkably close agreement between load and 
reabsorptive capacity must mean that all the 
tubules begin to spill glucose at almost precisely 
the same plasma level and that the variety in 
nephron population, which is evident ana- 
tomically, is minimized functionally by a bal- 


ance between glomerular and tubular function. 
Apparently, glomeruli with a high filtration 
rate are attached to tubules with a correspond- 
ingly large reabsorptive capacity, and less ac- 
tive glomeruli to equally inactive tubules, 
suggesting a structural correlation between 
glomerular volume and tubular mass in each 
nephron, like that which seems to hold for the 
kidney as a whole, from the mouse to the 
elephant. 

The extent of splay and change in threshold 
is a measure of imbalance or change in the dis- 
tribution of glomerular activity [39,48]. With 
vasoconstriction that reduces filtration uni- 
formly, much higher plasma glucose levels are 
required to achieve Tm, but the relationship 
between load and reabsorption should not be 
affected. With unequal reduction in filtration 
that affects some units more than others, the 
relationship is distorted because higher plasma 
concentrations are required to saturate glucose 
reabsorptive mechanisms in those nephrons in 
which filtration is disproportionately affected. 
As a result, the splay increases and reabsorption 
continues to rise as the total load is raised above 
values usually sufficient to assure saturation. 
Since the slope at any point on the splayed 
curve is equivalent to the fraction of the total 
filtrate that is formed in the remaining unsatu- 
rated nephrons |i.e., the derived change in 
reabsorption (AT) divided by the change in 
load or in plasma level (AP) times the total filtra- 
tion rate (GFR) or (AT/APxGFR)], the dis- 
persion of glomerular activity relative to tubular 
capacity may be evaluated for the nephron 
population in roughly quantitative terms, be- 
cause it is possible to compute filtration and 
glucose —Tm in each successively saturated 
moiety. The possibility that the curvature is 
attributable to an intrinsic change in the char- 
acter of transfer seems unlikely on the basis of 
Burgen’s [49] analysis of the data on the assump- 
tion of Michaelis-Menten enzyme _ kinetics. 
Changes in the frequency distribution of glo- 
merular activity derived from studies of glucose 
titration should, therefore, provide reliable in- 
formation regarding functional diversity among 
the nephrons arising from structural and hemo- 
dynamic irregularities. 

Since most disorders of the kidney interfere 
with glomerular filtration, either by a damaging 
process as in glomerulonephritis or by circula- 
tory changes as in hypertensive disease, it is 
not surprising that glycosuria is an uncommon 
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manifestation of tubular damage. In chronic 
diffuse glomerulonephritis with far advanced 
renal damage, the disturbance in glomerulo- 
tubular balance may be so profound that a re- 
liable measure of glucose Tm is difficult or 
impossible [7, 79, 50]. It has been found that 
glucose reabsorption continues to increase as 
plasma levels of glucose rise far above values 
which are usually sufficient to assure saturation. 
This phenomenon indicates a greater reduction 
in glomerular activity than in tubular capacity 
in a large proportion of the nephrons, although 
the population ranges more widely to the 
opposite extreme in also containing an appre- 
ciable number of nephrons that spill glucose at 
a relatively low plasma glucose concentration. 
It is also possible that the procedure of glucose 
titration itself tends to exaggerate the number 
of inactive units contributing to urine formation 
by producing an osmotic diuresis which results 
in detectable excretion by badly damaged 
nephrons that ordinarily produce little or no 
urine. A similar response has been encountered 
among patients in shock in whom urine flow and 
glomerular filtration are closely correlated when 
filtration is measured with an osmotically active 
material like mannitol but not when inulin is 
used [57]. In the course of severe hypertensive 
disease a similar disturbance in the pattern of 
glomerular activity may develop, although it is 
usually not as severe as that observed in chronic 
diffuse glomerulonephritis [39]. Here again, 
tubular damage is rarely so severe, relative to 
filtration, that sugar appears in the urine. In 
contrast, renal diabetes is characterized by 
glycosuria that seems to be attributable in most 
instances to an isolated tubular lesion that has 
never been characterized anatomically. In some 
instances, a functional imbalance between what 
appear to be normal glomeruli and tubules, 
also seems to be at fault [79,52,53]. It is possible, 
of course, that two entirely different disorders 
are involved, one characterized by a congenital 
disorganization of nephron structure and one 
by a discrete lesion of the transfer system. The 
data are too few, however, to permit appraisal 
of these possibilities. Nevertheless, the difficulty 
which has arisen also in the course of studies 
of the glycosuria and aminoaciduria in Fanconi’s 
syndrome [54,55] emphasizes the duality of 
glomerulotubular imbalance, the necessary in- 
volvement of both glomeruli and tubules. In the 
face of diminished tubular transfer capacity for 
any substance, perfectly normal glomerular 
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activity becomes excessive and balance can be 
reattained only by the development of a co- 
ordinative reduction in filtration. To some 
extent, parallel glomerular injury with con- 
traction in the area of the filtering surface 
suffices, but in addition, “‘compensation”? may 
require an active reduction in filtration that 
may, in turn, initiate a vicious spiral of progres- 
sive parenchymal damage. Renal disease thus 
augments structural diversity of the nephrons, 
and in doing so induces further dispersion in the 
variation in individual glomerular filtration 
rates. Furthermore, the “‘corrective’’ readjust- 
ments are of necessity hemodynamic and almost 
certain to result in a redistribution of blood flow 
within the kidney. 

The Pattern of Perfusion. An abundance of 
evidence testifies to a remarkably uniform dis- 
tribution of blood to parenchymal tissues in the 
normal kidney. Diodrast and PAH are almost 
completely absent from the renal venous blood, 
over a wide range of arterial concentrations in 
man, and to a large extent also in other animals, 
when due allowance is made for the amount in 
the red cells [7,56]. Such an efficient extraction 
indicates that all the blood must bathe tubular 
cells which have a high affinity for PAH and 
diodrast. This does not necessarily imply an 
even distribution, however, for extraction con- 
tinues as long as blood perfuses active tissue, 
regardless of flow in the whole or in different 
parts of the kidney. Thus, extraction is main- 
tained within normal limits in the face of renal 
hyperemia during the pyrogenic reaction [57] or 
of ischemia during the action of epinephrine 
[58], and following hemorrhage [59], conditions 
in which there is excellent reason [22] to expect 
redistribution. Similarly, the constancy of dio- 
drast or PAH Tm observed over a wide range of 
renal blood flows under analogous conditions 
[7,39] is evidence that all the extracting tissue 
receives an adequate blood supply, but not that 
all is perfused in a uniform manner. More 
reliable evidence of uniformity, at least in the 
resting normal subject, has emerged from studies 
of diodrast or PAH titration [7,39]. As with 
glucose, the relationship between the load and 
transfer, determined by gradually raising the 
blood concentration of diodrast or PAH levels 
well above Tm, yields information regarding the 
way in which the test substance is delivered to 
the cellular transport system. The agreement 
between theory and observation is even closer 
than it is with glucose, indicating delivery of 
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almost exactly the same quantity of diodrast at 
each level to every extracting cell in the kidney 
so that the transfer system in each is saturated at 
approximately the same plasma concentration. 
In this instance, the splay (which is much less 
than it is in glucose titrations) is attributable to 
greater or less perfusion, or loading, of some 
cells than of others. The slope of the tangent to 
the curve may be taken as the blood flow to as 
yet unsaturated tissue at that point and may be 
used in the construction of frequency distribu- 
tion curves of relative perfusion rates. However, 
accurate plotting of the “‘splayed’’ curve is 
difficult and of uncertain validity. In view of the 
difficulties entailed in the lengthy procedure 
necessary for adequate titration, the effect of 
fatigue, repeated arterial punctures, relatively 
large blood samples, and prolonged immobiliza- 
tion in recumbency with a catheter in the 
bladder, the almost total absence of splay is 
very convincing evidence of uniform perfusion 
of the renal parenchyma under most circum- 
stances. It may be surmised, however, that 
pyrogenic hyperemia and the intense vasocon- 
striction of shock will induce a demonstrable 
increase in splay. 

Perfusional redistribution may be accounted 
for most simply by irregular constriction of the 
glomerular arterioles so that blood flow is more 
greatly reduced in some parts of the kidney than 
in others, or by uniform vasoconstriction that 
has a greater effect in the periphery owing to 
greater length of the resisting circuit. A number 
of other mechanisms have been suggested, but 
none has been established as definitely opera- 
tive. Of continued interest, has been the possi- 
bility of arteriovenous shunts of some kind by 
which blood might be diverted from renal 
tissue. Trueta and his. colleagues [22] were at 
first attracted to this notion to explain preferen- 
tial medullary perfusion under various stressing 
procedures, but they have since found rea- 
son to rule it out [34,35]. Certainly the data 
indicating a high PAH extraction and constant 
diodrast Tm are opposed to the operation of a 
shunt in man. In the dog the situation is more 
uncertain because the PAH that enters the red 
cell may find its way into the renal venous 
plasma and may produce falsely low values for 
extraction. A number of workers [7,59,60] agree 
in finding relatively low values (75 per cent) for 
PAH extraction in the anesthetized dog, and 
further studies are necessary to characterize 
transport more precisely. Recently Pappen- 


heimer and Kinter [6/—63] have suggested that 
the redistribution of red blood cells and plasma 
within the kidney may play a major role in 
determining renal hemodynamics. In _ their 
view, the movement of blood under pressure 
results in lamination and plasma skimming by 
vessels branching at right angles. Hence, the 
blood reaching the periphery of the organ is 
more cell-rich and viscid than blood perfusing 
the medulla. As a consequence of the tendency 
for resistance to increase rapidly as the hemato- 
crit rises above 40 per cent and to decrease but 
slightly with anemia, the total renal resistance to 
flow should vary with the arterial pressure, 
accounting by a simple physical device for auto- 
regulation or maintenance of renal blood flow at 
a relatively constant rate. Theoretically, anemia 
should interfere with this mechanism and as a 
result, filtration should increase in the outermost 
glomeruli, usually perfused by cell-rich blood, 
and decrease in the innermost units usually 
performed with plasma. If this is so, the glucose 
titration curve should splay markedly as the 
outermost tubules are saturated at plasma 
glucose concentrations much lower than normal 
and the innermost glomeruli at higher levels. 
However, Kessler, Heidenreich and Pitts {64} 
failed to find that anemia produces any altera- 
tion in glucose titration in the dog. Other 
members of the same group [60] were also un- 
able to confirm Kinter and Pappenheimer’s {63} 
claim that anemia abolishes autoregulation in 
the cat. These results are contrary not only to 
the “‘cell separation theory”’ but also to the view 
that intrarenal vasoconstriction secondary to 
anemia results in non-uniform distribution of 
blood to tubular tissue. 

With disease, the pattern of perfusion is ob- 
viously distorted, although the data are insuffi- 
cient as yet to permit precise quantitative char- 
acterization. The extraction of PAH is usually 
decreased throughout the course of glomerulo- 
nephritis, presumably as a result of perfusion of 
non-functioning tissue [79]. In acute diffuse 
glomerulonephritis, the combination of renal 
hyperemia and diffuse impairment of tubular 
function seems a more likely explanation than 
either shunting of blood or complete absence of 
function in large focal areas of the renal paren- 
chyma. As the disease progresses, however, the 
distortion of the renal vasculature may result 
in shunting and in restricted anastomotic 
capillary intercommunication. It may be con- 
cluded from these observations [79] that the 
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disease process interferes with circulation, but 
in nephrosclerosis the reverse seems to be true. 
In fifteen patients with well established hyper- 
tensive disease in whom the renal blood flow 
ranged from 1,335 down to 633 ml. per minute, 
PAH extraction remained well within normal 
limits, presumably as a result of the exclusive 
perfusion of extracting tissue. This phenomenon 
suggests that change in tissue function may 
follow vasoconstriction and redistribution of 
blood flow [79]. The marked depression in 
PAH extraction observed in malignant nephro- 
sclerosis is consistent with primary tubular 
damage rather than with an intensification of 
the vasoconstrictive process that seems to affect 
the kidney in benign hypertensive disease. 
Intrarenal vasoconstriction readily occurs even 
in the presence of far advanced renal disease. 
Indeed, vasoconstrictive reduction in glomeru- 
lar filtration may play a more important part 
in determining functional responses than in the 
normal, since sodium loss in the face of de- 
privation is apparently prevented by such a 
response [20]. Vasoconstriction also develops 
rapidly following assumption of the upright 
position [65]. The fall in glucose Tm under these 
conditions and the lack of change in the pat- 
tern of urinary protein excretion seem to indi- 
cate a vasoconstrictive process that effectively 
eliminates from function a random sample of 
the nephron population. The transfer maxi- 
mums, both for reabsorptive and excretory 
processes, decrease with parenchymal damage. 
Glucose Tm appears to be more seriously af- 
fected in glomerulonephritis than either dio- 
drast or PAH Tm [7,79,50]. The marked splay 
in glucose titration, which is presumably indica- 
tive of an extensive and variable depression in 
glomerular activity, may account in large part 
for this by interfering with the imposition of an 
adequate load for determination. The renal 
blood flow seems to be increased relative to the 
functioning tubular mass, measured as diodrast 
or PAH Tm, and it seems likely that tubular 
tissue is adequately perfused although splay has 
been reported in the diodrast titration [50]. In 
the nephrosclerotic kidney adequate and uni- 
form perfusion of tubular tissue seems more 
likely in view of the normal diodrast titration 
curves [39]. This finding, together with the evi- 
dence of increased dispersion of glomerular 
activity and normal PAH extraction, may be 
interpreted as indicating a diffuse renal vascular 
lesion in the hypertensive kidney that destroys 
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tissue primarily by the interference with glo- 
merular function. However, the maximal tubu- 
lar capacity to secrete diodrast is impaired in 
nephrosclerosis to a. considerably greater extent 
than glucose Tm, in.sharp distinction to glo- 
merulonephritis. The lesion :is evidently not 
entirely attributable to the circulatory derange- 
ment. Nevertheless, changes in: the magnitude 
and distribution of flows and volumes of blood 
within the kidney are certainly involved, both 
in producing and in perpetuating the ill effects 
of renal injury. The intensified diversity in per- 
fusion and filtration must also exaggerate the 
functional effects of structural variety among the 
nephrons. 

Intrarenal Delay. In the passage from the 
glomerulus to the renal pelvis, substances enter- 
ing the tubules by filtration are delayed a 
variable period of time, which must depend 
upon the length and configuration of the neph- 
ron as well.as upon the manner in which 
filtrate is processed by-the tubule. For a popula- 
tion of nephrons, one may imagine a “‘popula- 
tion of delay times’ each characteristic of an 
individual nephron, all identical in a completely 
uniform population or ranging as widely as the 
individual variation permits. If the population 
of delay times were uniform, the pattern of 
change in the plasma concentration of inulin or 
other similar “glomerular substances” would 
be faithfully reflected at constant urine flow in 
the urinary concentrations and the urinary 
pattern should be superimposable upon the 
plasma pattern by a simple adjustment in the 
time axis. The fact that the patterns actually 
differ greatly may be taken as evidence of the 
heterogeneity of delay and by extension of 
function in the nephron population, indeed, it 
is possible that analysis of differences between 
urine and plasma concentration patterns could 
provide a means by which the variation in the 
nephron population might be characterized in 
terms of the frequency distribution of ‘‘delay 
times.” Two different, but basically similar, 
approaches have been made upon this problem. 

One procedure [66-69] used exclusively in 
human subjects to date, involves analysis of the 
sequential contributions of filtrate. The test 
material (inulin is used as the standard) is in- 
jected intravenously as quickly as possible and 
continuous collection of both bladder urine and 
arterial blood is started immediately. Samples 
of each are set aside at two minute intervals so 
that the average arterial concentrations and 
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urinary excretory rates may be determined 
simultaneously during ten to twelve successive 
two-minute intervals. The amount of inulin fil- 
tered in each period is computed by multiplying 
the mean arterial plasma concentration by the 
over-all inulin clearance (P; X Cj,) which is 
determined later at a constant inulin level 
maintained by infusion. Then dividing the 
amount of inulin excreted in the urine during 
the first period by the amount filtered in that 
time yields a value for the percentage (S:%) of 
filtered inulin which has passed from the glo- 
meruli to the bladder, a figure presumably also 
referable to the nephrons having the shortest 
delay times, two minutes or less. Nephrons 
which are characterized by longer delay con- 
tribute in sequence during subsequent collection 
periods. In the second period, the first sequence 
of nephrons contribute the same percentage 
(S:%) of inulin filtered in the second period 
(P2 X Cj,) and whatever inulin remains must 
be accounted for by inulin during the first 
period which has been delayed during its 
passage down the tubule between two and four 
minutes. Dividing the quantity of residual inulin 
by the amount filtered in the first period (P; 
X Cin) yields the percentage of filtrate (or 
nephrons) (S2%) having a two to four minute 
delay. In the third collection period both these 
fractions contribute corresponding percentages 
of the inulin filtered in the third and second 
periods, respectively, and the remainder is 
computed as the percentage of filtrate (S;%) 
which has been delayed four to six minutes. 
Each successive sample is analyzed in this way 
until all the inulin filtered in the initial period is 
accounted for and the values of S% are then 
plotted as a frequency distribution. The shorter 
the collection periods the more closely one ap- 
proaches an ideal integration of curves. With 
ten minute collection periods, the early com- 
putations indicated that approximately 75 per 
cent of the filtered inulin entered the bladder in 
less than ten minutes, 20 per cent in less than 
twenty minutes, and the remainder in less than 
thirty minutes, whereas two minute collection 
periods yield equivalent fractions for six, eight, 
and ten minutes, respectively. From the stand- 
point of equilibration between plasma and 
urine during the usual clearance procedures, 
the first figures are accurate in indicating how 
successive periods of this length are influenced 
by preceding changes and agree with the work 
of the Michies [70,77] on equilibration. From 


the standpoint of determining actual delay, the 
shorter periods yield more accurate results and 
are a better guide to mean delay which ranges 
from 4.09 to 6.3 minutes in normal man [68]. 
Still shorter periods might yield still lower 
values but, in view of an appearance time of two 
minutes, not really much lower. 

More frequent sampling is made possible in 
dogs by a method devised by Chinard and his 
associates [77-74] which evaluates delay on the 
basis of the relative renal excretion patterns of 
various substances. In this procedure the bladder 
is opened in the anesthetized dog and snugly 
fitting catheters are inserted well up into the 
ureters. Collection from each side separately is 
then made at twelve to thirty second intervals 
following injection of various substances, singly 
or in mixtures, directly into the renal artery on 
one side. Computation consists of dividing the 
total dose administered into the amount ex- 
creted in each period by the “experimental 
kidney” after subtracting the amount excreted 
by the “‘control kidney”’ to eliminate the effect 
of recirculation. Plotting these values (weight 
ratios, w.) against time yields a frequency dis- 
tribution curve from which modal (or peak) 
delay time may be taken and in which nephrons 
are categorized temporally in terms of the per- 
centage of the dose they excrete. In calculating 
mean transit time, these values are converted to 
percentages of the actual quantity of material 
ultimately recovered from the urine. As with 
calculation of delay by analysis of sequential 
contribution, uniform distribution of filtration 
must be assumed in referring the results to the 
tubules or nephrons as a whole. In addition, it is 
necessary to assume that the test material is 
instantaneously and evenly mixed in the arterial 
blood so that every portion of the kidney receives 
it at the same instant and in the same concen- 
tration. Moreover, the contribution of any 
single nephron category to excretion must be 
limited in duration to one collection period and 
must not continue thereafter in successive pe- 
riods. Both methods require the assumption that 
a steady state is maintained throughout. The 
mean delay or transit time for the dog ranges 
from 1.35 to 3.85 minutes for glomerular sub- 
stances such as inulin or creatinine. 

The distribution patterns obtained by these 
two methods agree closely for inulin, but not for 
other substances. Following injection of PAH 
and computation of the fractional contributions 
sequentially by relating the amount excreted 
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to the load (i.e., the mean arterial concentra- 
tion multiplied by the renal plasma flow deter- 
mined later), the derived distribution curve 
tallies precisely with that for inulin. This has 
been interpreted as evidence that PAH is se- 
creted into some portion of the tubule proximal 
to the point or section which contributes most 
prominently to total delay. The length of the 
time intervals employed may interfere with 
detection of a real difference between PAH and 
inulin delay. Moreover, calculation of fractional 
contribution in terms of delivered load requires 
the assumption of complete extraction from the 
blood throughout the procedure and does not 
separate the filtered and secreted fractions in 
the outflow. Chinard [74] has determined the 
secreted moiety of PAH in the urine following 
injection into the renal artery as the difference 
between the simultaneous weight ratios for 
creatinine and PAH. The differences in weight 
ratios plotted against time, and taken as equiva- 
lent to the distribution of transit times for 
secreted PAH, yield values for mean and modal 
transit times in excess of those for creatinine and 
inulin. Chinard concludes from this that PAH 
accumulates transiently in the tubular cells 
during transfer, and he suggests that delay may 
be occasioned by the relatively slow movement 
of a macromolecular complex of PAH and 
intracellular carrier. These computations de- 
pend upon the assumptions that the weight 
ratio for creatinine is equivalent to that for 
filtered PAH, that analytical error resulting 
from urine “blank” for inulin or creatinine is 
negligible and that the delivery of PAH to 
tubules and glomeruli is equal and uniform. 
More serious difficulties arise in evaluating 
the delay of radioactive electrolytes. In analysis 
of sequential contributions, the mean arterial 
and urinary specific activities following injec- 
tion of Na** or K* are determined and assessed 
on the assumption that only the difference be- 
tween specific activities is a function of delay. 
Thus, S;% is calculated by dividing the specific 
activity of the urine by that of the plasma in the 
first period, and then assuming that the specific 
activity of the second urine sample should be 
the same percentage (S:%) of the plasma 
specific activity in that period. The difference 
between the expected and actual value divided 
by the specific activity of plasma during the 
first period yields S2%, and analysis proceeds in 
a manner analogous to that employed for inulin. 
Here it is assumed that specific activity of any 
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radioactive electrolyte in the urine will corre- 
spond precisely with that in the blood, unless 
there is admixture with its non-radioactive 
isotope. On this basis there is no need to know 
exactly how much is filtered or reabsorbed. 
The resorbate will have the same specific ac- 
tivity as the tubular urine and reabsorption will 
not affect it. Assuming dilution of the radioac- 
tive isotope only at the end of the tubule by 
electrolyte coming from tubules in which delay 
is longer, the change in specific activity in the 
urine should be solely a function of plasma 
specific activity and the pattern of delay. How- 
ever, it must be assumed, in addition, that a 
steady state prevails throughout and that the 
amount of electrolyte coming from each tubule is 
equal and constant. These assumptions were 
given support in the initial experiments [66,67] 
by good agreement between distributions of 
delay for inulin, K**, and Na**. However, it was 
soon discovered that the presence of PAH re- 
sulted in an apparent shortening of the electro- 
lyte delay, presumably as a result of reducing 
tubular reabsorption of sodium and potassium, 
with resultant preponderance of radioactive 
isotope in the urine. In some instances equilibra- 
tion between plasma and urine specific activity 
was attained shortly after the first appearance of 
isotope in the urine. This phenomenon cannot 
be interpreted as evidence of tubular secretion. 
Chinard and Enns [73] have computed transit 
times for radioactive water, sodium, and chloride 
on the basis of weight ratios and have found 
early excretion relative to creatinine. This they 
interpret as evidence of a “‘bypass” of a portion 
of the tubular system. Delayed excessive output 
of water and C'*-labelled urea, noted in the 
same studies, was attributed to return to the 
tubule of a moiety ‘‘which has entered tubular 
cells from the lumen and subsequently returned 
to the lumen” [73]. The extremely small per- 
centage of the total dose recovered in each 
period raises here, too, the question of the 
influence of small changes in tubular function. 
It may be surmised that a high percentage of 
the dose which does not appear in the urine has 
been reabsorbed by the tubules after filtration. 
A decrease in reabsorption in very active 
nephrons (having a short delay time) would 
unduly affect the final results. Although both 
methods have value in defining the variation 
inherent in the nephron population on the basis 
of delays which are imposed during the passage 
of inulin (and creatinine in the dog) down the 
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tubules, neither appears to be wholly reliable 
in dealing with other substances. 

Appearances can be very deceiving in this 
connection. Thus, excessive delay, rather than 
‘bypassing,’ is suggested by the tendency for 
the urinary specific activity to exceed the 
arterial specific activity for a prolonged period 
after intravenous injection of P**, K**, and 
N?!-labelled urea [66,75-87]. Govaerts [75,76] 
has suggested that this phenomenon may be ex- 
plained for phosphate by the presence in the 
plasma of inorganic phosphate as a non-filtrable 
and slowly exchanging complex, which falsely 
reduces plasma specific activity. However, 
Handler and Cohn [77] have found that the 
plasma inorganic phosphate is freely filtrable 
and that the discrepancy between urine and 
plasma can be abolished by keeping the plasma 
specific activity constant or by making it rise 
slowly, as expected for intrarenal delay alone. 
This result does not tell whether delay is longer 
or shorter than expected for a substance delayed 
only by the time required to move down the 
tubules. Black [78,79], Morel [80,87], and their 
colleagues believe that the delay in potassium is 
probably occasioned by movement through the 
tubular cells into the lumen. As they point out, 
the tubular cells take up radioactive potassium 
with great avidity from the blood perfusing the 
kidney and it might be supposed that subse- 
quent slower release of highly active intracellu- 
lar potassium would serve to maintain the 
specific activity of potassium at a higher level 
in the urine than in the plasma. The apparent 
difference in the behavior of radioactive sodium 
(injection of which seems to produce little or no 
disparity between plasma and urine), and the 
tendency for the specific activity of potassium in 
the renal vein (presumably related to cellular 
activity) to exceed that in the artery, have been 
put forward as support for this view. 

Radioactive sodium and potassium differ in 
their distribution and in the rapidity with which 
they enter their respective “pools.” As a result, 
the patterns of arterial specific activities follow- 
ing administration of doses of equal radioactivity 
are wholly dissimilar. In the first minute or two, 
both are mixed only in the cardiac output and 
as a result, during that period the average value 
of specific activity for potassium exceeds that 
for sodium by the extent to which the plasma 
concentrations differ, i.e., by approximately 
thirty-five fold or 140 to 4 mEq./L. Thereafter, 
the sodium specific activity quickly stabilizes, 
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because most of the sodium pool is extracellular 
and readily accessible, the ultimate level ap- 
proaching approximately one-eighth of the 
average in the first minute, assuming a cardiac 
output of 6 L. per minute and a 50 per cent 
hematocrit. The potassium specific activity 
reaches equilibrium less rapidly because the 
isotope must enter the cells, and since the 
initial value is so much higher than that for 
sodium, it will fall over a much greater range. 
These patterns can be assessed only by continu- 
ous determination of arterial specific activities. 
Single determinations, even at frequent inter- 
vals, are not sufficient because fleeting but high 
arterial values may have a striking influence 
upon the urine which receives, as it were, a 
continuous sampling of the arterial plasma as 
glomerular filtrate. For practical purposes, con- 
tinuous sampling by some device like that 
employed by Wheeler and his colleagues [82] or 
*‘integrated” arterial collection is necessary. 
When this is done and correction is made for the 
disparities in the two plasma arterial patterns, 
no significant difference will be evident in the 
relationships between urinary and_ plasma 
specific activities for sodium and potassium |66}. 
The difference in the time of equilibration is 
therefore more apparent than real and does not 
support the contention that K* is handled dif- 
ferently by the kidney than Na”*. 

Accurate delineation of the arterial activity 
pattern is particularly important in the case of 
potassium. Approximately 5 per cent of the 
plasma water and solute passing through the 
heart each minute passes immediately across the 
glomerular membrane into the tubules, or ap- 
proximately 5 per cent of the total dose of 
radioactive isotope must enter the tubular urine 
(and almost at once enter the proximal tubule 
cells by reabsorption) during the first minute 
after administration. A little less will be intro- 
duced in the second minute and much less 
thereafter as the level falls. The rapid reabsorp- 
tion of sodium and potassium will result in a 
speedy rise in proximal cellular specific activity, 
much more so for potassium than for sodium, 
because its specific activity is so much higher in 
the resorbate. In addition, Black, Davies, Emery 
and Wade [79] have found that the specific 
activity of renal venous potassium equilibrates 
with that in the artery in about ninety seconds 
and never reaches high levels, indicating that 
potassium in the kidney is freely accessible so 
that K* is quickly distributed in the total renal 
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potassium content. Indeed, renal venous excess 
thereafter implies an unequal distribution that 
leads to “‘washout”’ from regions in which an 
initial high K‘? content has been established. 
This phenomenon may be ascribed with equal 
cogency to washout from the reabsorptive cells 
which are exposed to initial high levels or to 
lag in the movement of labelled potassium 
through the glomerulus, down the tubule, and 
across the cell into the blood, as to washout from 
cells secreting potassium. These data are not 
opposed to the thesis of potassium secretion but 
it must be admitted that they do not provide 
conclusive support for it. 

Delay affecting the determination of various 
renal clearances is frequently referred to a 
‘renal dead space.” This is a useful simplifica- 
tion, but hazardous, in bearing the implication 
that some actual ascertainable “‘space”’ is in- 
volved. In reality, delay is a most complex affair 
and cannot be ascribed to any structural volume. 
The term applies simply and strictly only to the 
substance for which it is determined. Thus, a 
mean delay time for inulin refers to the average 
time required for filtered inulin to reach the 
bladder. The quantity of filtrate initially con- 
taining the inulin is much larger than the vol- 
ume of urine in which it is excreted. Between 
these two points, the inulin is contained within 
an ever changing volume of carrier. The mean 
circulation time through a vascular system, 
multiplied by the flow per minute, yields a value 
for the vascular volume because there is no 
change in volume of carrier or mass of tracer 
by which the circulation time is measured. This 
is not true for the renal tubular system. The 
appearance time (at one end of the frequency 
distribution curve of nephron delay times), the 
modal transit time (or the peak) and the mean 
time do not vary appreciably over a wide range 
of urine flows [72,83-85]. It does not follow from 
this, however, as some [72,83-85] have suggested, 
that the “‘dead space” (or urine flow multiplied 
by time) varies with flow because there is tubu- 
lar dilatation. In point of fact, the tubules have 
been observed [3,5,29] to dilate during an os- 
motic diuresis, although no data are available 
on the effect of water diuresis, the usual method 
employed in raising urine flow. Nonetheless, 
the relative constancy of delay times may be 
said, with somewhat more validity, to imply 
that the volume of urine flow is determined at 
some place in the kidney distal to the point of 
greatest delay. Bojeson [86] has avoided this 
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fallacy in his measurement of the volume of the 
outflow tract by taking the appearance time as 
a measure of constant intrarenal delay. The 
good agreement he finds between observed and 
calculated volumes of the renal pelves may be 
construed as additional evidence of the relative 
independence of intrarenal delay and urine 
flow. Indeed, with the diminished water reab- 
sorption and nephron diuresis of chronic renal 
disease, the mean delay time measured by analy- 
sis of sequential filtrate contributions appears 
to increase and to splay more broadly to include 
a greater proportion of prolonged transits [69]. 
The basis for this finding is obscure, although it 
may be related to a predominance in the 
nephron population of long, dilated nephrons 
with reduced glomerular activity. Whatever the 
ultimate structural and functional causes may 
be that are responsible for delay, the distribu- 
tion observed in healthy and diseased kidneys 
is consistent with the view that nephron activity 
varies over at least a fourfold range. 
Heterogeneity of Nephron Function. An equiva- 
lent variety in the urines formed by individual 
nephrons and pooled in the collecting ducts or 
renal pelves is suggested, but not conclusively 
proved, by several data. First, as noted herein, 
the apparent differences in the delays imposed 
upon sodium, water, and creatinine may result 
from differences in the composition of the urines 
put out by different categories. Excretion of a 
large volume of urine rich in sodium by neph- 
rons having a short creatinine or inulin transit 
time would tend to shorten delay for sodium as 
a whole and by increasing the concentration 
in the initial periods would improve the chance 
for early detection and appearance. Dispropor- 
tionate contributions of short and long nephrons 
to urine volume might result in the findings 
reported by Chinard and Enns [73] when 
deuterium- or tritium-labelled water was ad- 
ministered. Secondly, there is some evidence 
that an excessive carbon dioxide content in 
alkaline urine relative to the blood may be 
traceable to admixture of nephron urines of dif- 
ferent acidities. Kennedy and his associates [89] 
found that elevation of carbon dioxide tension in 
mixtures of solutions differing in pH isdependent 
upon the amount of buffer present (exclusive of 
bicarbonate) and since urinary carbon dioxide 
tension and buffer concentration proved to be 
closely correlated, they concluded that mixing 
must occur. However, it is also possible that 
delayed dehydration of carbonic acid formed by 
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the exchange of sodium for hydrogen ion within 
the tubule may result in a belated release of 
carbon dioxide in some portion of the drainage 
system in which impermeability prevents back- 
diffusion and equilibration of carbon dioxide 
tensions between urine and blood [87]. Since 
infusion of carbonic anhydrase will abolish the 
disparity [90], delayed dehydration (attributable 
to insufficient enzyme, to “competition” of the 
buffer for hydrogen ion [97] or to both) is proba- 
bly also implicated or admixture occurs at some 
point where surface-volume relationships are 
transiently favorable to back-diffusion. These 
tantalizing hints that heterogeneity of function 
may characterize the nephron population, raise 
the question whether or not change in urinary 
composition may not occasionally reflect altera- 
tion in the contributing populations, rather than 
in intrinsic tubular or glomerular function. 
Such a possibility certainly cannot be dismissed 
whenever hypofiltration is associated with di- 
minished transfer maximums. 

In fact, elevation of intra-abdominal pressure 
in man induces changes in urine formation that 
could be accounted for in part by this mecha- 
nism [92-94]. Abdominal compression by a 
pressurized girdle has been found to produce a 
uniform increase in pressure throughout the 
abdomen and its hollow viscera. At 20 mm. Hg 
urine flow and electrolyte excretion decrease 
markedly in company with a diminution in 
renal blood flow and filtration rate. Vasocon- 
striction does not occur and the reduction in 
blood flow can be attributed to an elevation in 
venous pressure [92,95]. Venous congestion 
probably does not occur to any extent owing to 
the general reduction in transmural pressure, 
although it is possible that venous collapse in 
some regions may conduce to irregularities in 
the distribution of the venous blood volume [96]. 
Reduction in renal blood flow without change 
in arteriolar resistance should result in a simul- 
taneous rise in intraluminal glomerular capillary 
pressure that would counter the rise in renal 
interstitial tension and maintain filtration at, 
or even above, the central value. The fall in 
filtration is associated with, and explained, by a 
proportionate and simultaneous decrement in 
both glucose and diodrast Tm that must denote 
cessation of function in a corresponding fraction 
of the nephrons. In this interpretation of the 
findings, the function in the residual active 
nephrons should be unaffected. Although the 
kidney is theoretically non-compressible, in the 


presence of a drainage system to carry away 
urine by active peristalsis, a tubular transport 
system that can reduce intraluminal content, 
and venous outflow by which blood volume 
may be transferred, a considerable degree of 
compressibility is in fact possible. It is con- 
ceivable that compression of the papillae and 
elevation of the renal pelvic pressure may block 
outflow from some collecting ducts and not from 
others [97]. In such a case, the effect would 
probably not be random, but would involve 
those units with the least turgor or residual 
energy content. If this interpretation is correct, 
the resultant inoperative nephrons are randomly 
distributed through the kidney, since PAH ex- 
traction is not affected, although alike from a 
functional standpoint. 

On compression, the water and sodium output 
decrease, sodium more than water, so that the 
urinary sodium concentration falls. A rise in the 
inulin, or mannitol, urine-plasma ratio indi- 
cates greater reduction in urine flow than in 
filtration. Change in the potassium output, as 
expected [98], parallels that in filtration. Since 
this response has been observed in patients with 
diabetes insipidus [93] and after total adrenalec- 
tomy [99], it cannot be attributed to release of 
ADH or of adrenal cortical hormones. It is 
interesting to speculate on the possibility that 
the fraction of nephrons no longer in operation 
had been elaborating a relatively large volume 
of sodium-rich urine prior to compression. 
Withdrawal of their contribution from the out- 
flow would produce the modifications or urinary 
volume and composition that were observed 
without requiring any change in tubular func- 
tion. It seems unlikely, however, that cessation 
of nephron function would be an “‘all or noth- 
ing’’ phenomenon and that the residual active 
units are not affected by the block to outflow. A 
similar effect is produced by an elevation in 
renal venous pressure alone [7/00], possibly be- 
cause intrarenal venous engorgement acts 
similarly to interfere with urinary drainage. 
With compression, venous distention seems 
improbable, but the similarity of the responses 
does suggests a similar underlying mechanism 
of obstruction, operating in part perhaps to 
change the time of contact between filtrate and 
tubule cells and in part by removing a non- 
random fraction of nephrons from function. 

Recently, Malvin, Sullivan and Wilde [707] 
have suggested that temporary obstruction to 
urinary outflow may permit the establishment 
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of concentration maximums along the tubules 
that persist when occlusion is released and that 
may be used, when properly plotted with regard 
to outflow and time, as a guide to localization 
of function in the tubules by ‘“‘stop-flow analy- 
sis."’ The authors assume that filtration ceases 
immediately after obstruction to outflow from a 
catheter placed in the ureter and they plot their 
data in a sequence of equal intervals assigning 
equal weight to each collection of the same 
volume. It is difficult to believe, in light of the 
data reviewed here, that urine flow ceases ab- 
ruptly on stopping ureteral outflow and that 
accumulation does not occur in the pelvis of 
the kidney. The convention of plotting concen- 
trations in successive equal volumes of urine 
has the effect of unduly exaggerating the first 
few seconds of collection, after release, when 
there must be an outrush of urine penned in the 
pelvis. Thus, on the basis of Bojeson’s [86] values 
for pelvic volume, the first ten to twelve points 
are, in all likelihood, referable to urine in the 
pelvis actually excreted during the period after 
occlusion, before pressure had increased suffi- 
ciently to halt outflow. As expected from the 
data on abdominal compression, the sodium 
concentration decreases and the creatinine 
urine-plasma concentration ratio rises. The 
other changes observed may be referable to suc- 
cessive contributions of different categories of 
the nephron population and it is conceivable 
that this method may provide an approach to 
the analysis of the functional heterogeneity in 
the nephron population. 


This survey of information available on the 
structure and function of the nephron seems to 
belie the common assumption of uniformity 
which is implied in the equation of functions of 
the kidney as a whole with function of a single 
unit. Anatomically the nephrons are notably 
multifarious, in dimensions, mass, configura- 
tion, construction and arrangement. The glo- 
merular intermittency with alternation of func- 
tion between complete inactivity and full 
operation which has been observed directly does 
not seem to be a cause for variability under nor- 
mal conditions. However, circulatory adjust- 
ments may involve at least a partial, and not 
altogether uniform, reduction in filtration and 
perfusion that should enhance whatever tend- 
ency to functional heterogeneity the variety in 
structure connotes. Disease and injury con- 
tribute in this way, too, by inducing hemody- 
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namic as well as tissue derangements. The 
effect of variation in glomeruli and proximal 
tubules is largely minimized by a_ balanced 
and symmetrical organization that is manifest 
in a close correlation between glomerular ac- 
tivity and tubular reabsorptive capacity during 
glucose titration. Intersegmental balance may 
also operate to reduce variation. Nephron 
function expressed as “nephron delay time” 
varies normally over a fourfold range, more 
widely, indeed, than body weight or stature. 
With disease, delay ranges still more widely. 
Much more work must be done to define these 
disparities and modulation. Mass demographic 
methods should be applied in anatomic studies 
of the nephrons. The available data are too few 
and too highly selected to yield reliable popula- 
tional statistics. Direct measurements of nephron 
function by micropuncture technic in the num- 
ber, simultaneity, and accuracy required are at 
present obviously impossible. Perhaps suppres- 
sion of activity selectively in a single nephron 
category would afford one means of “functional 
dissection” by which diversity could be assessed 
quantitatively. Efforts to do this have yielded 
equivocal results so far either because a random 
sample of nephrons is affected or because con- 
travening adjustments may occur in the residual 
active units. In any case, the data now at hand 
speak strongly for a multiplicity of nephron 
activity that must be taken into account in the 
evaluation of any change in urine formation. 
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Non-ionic Diffusion and the Excretion 


of Weak Acids and Bases’ 


M. D. MILng, m.D., B. H. Scripner M.D. and M. A. CRAWFORD, B.S.C. 
London, England 


OME weak acids or bases are concentrated on 
S one side of a biological membrane provided 
there is a hydrogen ion gradient between the two 
sides. Concentration occurs by purely physico- 
chemical diffusion processes, and is dependent on 
a greater permeability of the membrane to the 
unionized than to the ionized fraction. No active 
transport system and no energy other than that 
required to maintain the pH difference is 
involved. Weak bases tend to accumulate in the 
more acidic fluid, and weak acids in the more 
alkaline. A familiar example is the accumulation 
of ammonia in acid urine within the distal 
tubule. For convenience this type of diffusion 
process will be referred to in this paper as “‘non- 
ionic diffusion,’ a term which emphasizes the 
fundamental importance of the greater permea- 
bility of the cell membrane to the unionized 
component of the weak acid or base. 

The permeability of a cell membrane to any 
substance is dependent on the properties of the 
membrane and on the type of penetrating mole- 
cule. The most important molecular character- 
istics involved are the molecular weight and 
dimensions, and the nature of individual groups 
of the molecule. If there are many polar groups, 
e.g., —-OH and —COOH, the substance will 
tend to be water-soluble, whilst the presence 
of non-polar groups, e.g., —-CH;, makes the 
substance more likely to be soluble in organic 
solvents. In the last decade of the nineteenth 
century Overton [7] showed that molecules with 
a high oil/water partition coefficient were able in 
general to penetrate cell membranes more easily 
and rapidly than those with a low partition 
coefficient. He suggested that the cell membrane 
is composed of a thin lipoid layer allowing the 
entry of oil-soluble compounds. Although several 
refinements have been added [2], this theory has 
been confirmed by later research. The rate of 
diffusion usually increases with smaller molec- 


ular size, greater lipoid solubility, and the pres- 
ence of non-polar groupings in the molecule. 
This review is chiefly concerned with the 
penetration of weak bases and acids in which the 
unionized fraction possesses these properties and 
thus is highly diffusible. Penetration of the 
ionized fraction is impeded by the electrical 
charge and the water solubility of this component. 

There is some hydrogen ion gradient across 
most cell membranes, the intracellular pH tend- 
ing to be lower than that of the extracellular 
phase [3,4]. This doubtless influences diffusion 
and concentration of weak acids or bases in 
the cell. It is, however, easier to investigate 
systems where the cells separate two fluid phases 
of widely different pH. This occurs in the gastric 
mucosa, pancreatic acini and the renal tubules. 
It is advantageous to consider all these, since 
many general principles can be transferred from 
one system to the others. Weak bases will be 
found in higher concentration in acid gastric 
juice than in plasma, acids in less concentration. 
The reverse applies in alkaline pancreatic 
juice. Weak acids will tend to be excreted more 
rapidly in alkaline urine, bases in acid urine. 
This paper reviews the quantitative aspects 
involved. 

Weak bases and acids include many substances 
of great physiological and pharmacological 
importance. Since the ionized and unionized 
fractions may have widely different effects and 
activity, their behaviour is often greatly in- 
fluenced by small changes of pH. An important 
example is the variation in excretion produced 
by change of urinary pH. Table 1 shows that 
only a small number of weak acids and bases are 
known to be excreted in a manner characteristic 
of non-ionic diffusion. This is explained by the 
theoretical aspects of the diffusion process de- 
scribed in the next section. These few substances 
however provide an important exception to the 


* From the Department of Medicine, Postgraduate Medical School of London, Ducane Road, London, W. 12. 
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classical principles of renal physiology involving 
glomerular filtration followed by selective 
tubular reabsorption or secretion. 

Theoretical Considerations. In aqueous solu- 
tion, weak bases and acids are partly composed 
of dissociated and partly of undissociated mole- 
cules, the proportion of each being a function of 
the pH of the fluid. This relationship is expressed 
in the well known Henderson-Hasselbalch 
equation: 


pH — pK, = log = (acid) 
U 
or pH — pK, = log > (base) 


where pK, is the negative logarithm of the dis- 
sociation constant, and U is the concentration of 
the unionized fraction and I of the ionized frac- 
tion. When pH = pK,, I = U, and the con- 
centration of each fraction is 50 per cent of the 
total. For the purpose of calculation of con- 
centration ratios produced by non-ionic dif- 
fusion, the corresponding exponential forms of 
these equations are often more useful: 


I = U.108— Pea) (acid) 
or I = (base) 


In general, weak bases are more often involved 
in processes of non-ionic diffusion than weak 
acids, because the highest hydrogen ion gradients 
are those between plasma and acid gastric juice 
or acid urine. The following derivation of con- 
centration ratios will be confined to weak bases, 
but similar principles can readily be applied to 
weak acids. All the figures refer to bases except 
Figure 2 which applies to weak acids. 

Derivation of theoretical concentration ratio at 
equilibrium between fluids of different pH, assuming 
free permeability to the unionized fraction and complete 
impermeability to the ionized fraction: These equa- 
tions were first derived by Jacobs [5], and have 
recently been applied by Shore et al. [6] to con- 
centration ratios of weak bases and acids between 
gastric juice and plasma. The concentration ratio 
(R) of a weak base between fluids m and n of 
different pH (pH,, and pH,) is obtained as 
follows: 


_Usth 
Un + In 
Un + PH») 
Um + Um 10% 


R 


but at equilibrium U,, is assumed to be equal 
to Un, and therefore: 


1+ pHa) 


R 1 + pHm) (1) 

Similarly for a weak acid: 
1+ 10 (PHn— pKa) 
= (2) 


1+ 10(PHm — pKa) 


These equations (1) and (2) contain four vari- 
ables, R, pH», pH,» and pK,. However, when 
diffusion from plasma to gastric juice or urine is 
considered, pH,, is relatively constant at pH 7.4. 
Figures 1 and 2 are the graphs of these equations 
for weak bases and weak acids respectively. R is 
plotted as ordinate and pK, as abscissa. The 
weak base or acid is considered to be diffusing 
from plasma into urine of pH varying from 4.4 
to 8.4, and into gastric juice of pH 1.4. Weak 
bases are concentrated into the fluids more acid 
than plasma, and weak acids into those more 
alkaline than plasma. The concentration ratio 
rises as the pH difference between the fluid and 
plasma increases. 

If this simple mathematical analysis were di- 
rectly applicable to the diffusion of bases from 
plasma into gastric juice, concentration ratios as 
high as 10® would be predicted, whereas 40 is 
the highest ratio actually found. Similarly in the 
case of urinary excretion of weak bases of pK, 
above 9.4, the clearance would be expected to 
increase ten-fold for every unit fall of urinary 
pH. In actual fact the usual rate of increase is 
only one third this amount. Observed concen- 
tration ratios are always lower than _ those 
theoretically predicted by the equations cited 
because three invalid assumptions have been 
made. These assumptions are: (1) The mem- 
brane is completely impermeable to the ionized 
component. Whilst there is abundant evidence 
that there is greater permeability to the union- 
ized component than to the ionized, there is no 
proof of complete impermeability to the latter. 
(2) Complete equilibrium is reached during the 
time available for diffusion. Most biological 
processes have to take place in a limited period 
of time and thus there is often incomplete 
equilibration in diffusion processes. (3) The 
blood flow is infinitely large compared to the 
flow of gastric juice or tubular fluid. Concentra- 
tion ratios are measured, in practice, between 
gastric juice or tubular fluid and arterial plasma. 
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The true concentration ratio is that between 
fluid and capillary plasma at the diffuy-on site. 
Since the rate of blood flow is not infinitely large 
compared to the rate of flow of gastric juice or 
tubular fluid, the concentration of the weak base 
in capillary plasma will always be lower than in 
arterial plasma. 

The following three sections attempt to 
quantitate the separate limiting effect of each of 
these factors on the theoretical maximum con- 


pH 
10°} 
= / 
10° 
P pH 4:4 
< H 5+4 
= 10° : 
z pH. 6°4 
$10 
' pH 7-4 
pH 8-4 
10°C, l l 1 l l l 
3 45 6 7 8 9 WO 


pKq of BASE 


Fic. 1. Theoretical urine/plasma (continuous lines) and 
gastric juice /plasma (broken line) concentration ratios at 
equilibrium for bases of various pK, values. The plasma 
PH is assumed to be 7.4 and the pH values of urine and 
gastric juice are as indicated. It is assumed that there is 
free permeability to the unionized fraction of the base and 
complete impermeability to the ionized fraction. 


centration ratio shown in Figures 1 and 2. The 
combined effect of the three factors operating 
simultaneously is unfortunately too complex for 
analysis in the present state of knowledge. 

1. Derivation of concentration ratio of a base at 
equilibrium, assuming free permeability to the unionized 
fraction and partial permeability to the ionized fraction: 
The following equations were derived by Orloff 
and Berliner [7] in their considerations of the 
excretion of ammonia and other weak bases. The 
unidirectional rate of flow of a substance across 
a membrane of unit surface area is given by the 
product of the concentration of that substance 
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and the permeability coefficient. Let Fmn repre- 
sent the rate of flow from fluid m to fluid n, and 
F,,m the rate of flow in the reverse direction. Ky 
is the permeability coefficient of the unionized 
fraction and K, of the ionized fraction. 


Fon = Ky.In + Ky. Un 
and | Ky.I, + Ky.U, 


At equilibrium there is no net flow across the 


pH 8°4 


pH 7:4 


- 


pH 6-4 


pH 5-4 


CONCENTRATION RATIO (R) 


10° 
-3 
10 
4 
pKa of ACID 


Fic. 2. Theoretical urine/plasma (continuous lines) and 
gastric juice/plasma (broken line) concentration ratios at 
equilibrium for acids of various pK, values. Plasma pH is 
assumed to be 7.4 and pH values of urine and gastric 
juice are as indicated. It is assumed that there is free 
permeability to the unionized fraction of the acid and 
complete impermeability to the ionized fraction. 


membrane, and therefore 
Whence Ky.1m + Ky.Um = Ky.I, + Ky.U, 
Ku _ tn Im 
— Up. 1008 


(3) 


The fraction Ky/Ky, is the ratio of the permea- 
bility coefficients of the unionized and ionized 
fractions respectively. Since both coefficients are 
positive and Ky > Ky, the ratio could have pos- 
sible values ranging from unity to infinity. If 
there is no preferential permeability to the 
unionized fraction, Ky = Ky, and consequently 
I, + U, = Im + Um. Therefore the total con- 
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centration of the weak base would be the same 
on both sides of the membrane despite a hydro- 
gen ion gradient. At the other extreme, when the 
ratio is infinity (complete impermeability to the 
ionized fraction), U, = Un, and the relation- 
ship derived in the previous section holds good. 


Ku/K, 

10° 
= 
= 10. 
«< 
=z 
« 
z 1 

10" L 

4-4 5-4 6-4 


pH of URINE 


Fic. 3. Theoretical concentration ratio at equilibrium of 
a base of pK, 9.4 between urine of varying pH and plasma 
of pH 7.4. When there is complete impermeability to the 
ionized fraction (Ku/K1 = ~) log R is inversely pro- 
portional to urinary pH, and R increases ten-fold for 
every unit fall of pH. When the permeabilities of the 
ionized and unionized fractions are equal (Kvy/Ki = 
1) the concentration ratio is unity. At intermediate levels 
of Ku/Ki (Ku/Kr = 10, 10%, 10% and 10‘) there are 
intermediate values of R, the relationship between log R 
and pH being curvilinear. 


This will result in the theoretical maximal con- 
centration ratio of Figures 1 and 2. At inter- 
mediate levels of Ky/Ky, submaximal concen- 
tration ratios of the weak base will be obtained. 
These can easily be calculated at any given value 
of Ky/Ky from equation (3). 

The introduction of the permeability ratio 
(Ky/Ky) adds another variable, and therefore 
graphs can be constructed only if one of the four 
varying factors is kept artificially constant. Thus 
in Figure 3 it is assumed that the pK, of the 
diffusing base is constant at 9.4. This figure 
shows the limitation of concentration ratio 
produced by permeability to the ionized frac- 
tion. If Ky/K, is infinite the concentration ratio 
increases tenfold for every unit fall of urinary pH. 
Log R is therefore a linear function of urinary 
pH with a gradient (d log R/d pH) of minus one. 
If the permeability coefficients are equal 


(Ky/K; = JD, there is no concentration gradient 
of the weak base across the membrane and R is 
unity. At intermediate levels of Ky/K, there is 
a curvilinear relation between log R and pH, 
but this approaches a linear relation at higher 
urinary pH values. The reduction of the con- 
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Fic. 4. Theoretical concentration ratio at equilibrium of 
bases of varying pK, between urine of pH 5.4 and plasma 
of pH 7.4 at different values of the ratio of the permea- 
bilities of the ionized and unionized fractions (Ky /Ki = 
10, 107, 10%, 104, 105 and 10%). The broken line gives 
values of R if Ky /K, is infinite and is identical with the 
line labelled 5.4 in Figure 1. It is seen that adequate 
concentration into acid urine is obtained with bases of 
pK, from 6.5 to 10 at relatively low values of Ky /Kr. 
With bases of higher pK,, concentration is only obtained 
with very high values of Kv 


centration ratio from the theoretical maximum 
is greater at lower values of Ky/Ky. 

In Figure 4, an arbitrary value of pH 5.4 has 
been assumed as representative of an average 
acid urine, and the effect of simultaneous varia- 
tion of the pK, of the base and of Ky/Ky, is 
examined. The curve for Ky/K; = ~ is 
identical with that labelled 5.4 in Figure 1, 
and again represents the theoretical maximal 
ratio if there is complete impermeability to the 
ionized fraction. At lesser finite values of Ky /Ky 
curves approximating in form to a normal 
distribution curve are obtained. It is seen that 
there is an optimum range of pK, between 6.5 
and 10 at which a considerable concentration 
into acid urine is obtained at relatively low 
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TABLE 1* 
Plasma Amount Clearance Ratio — 
| Protein | Excreted Remarks and 
Weak Base or Acid pK. Binding | Unchanged | Ku/Ki References ‘4 
(%) (%) Acid | Alkaline 
High | Low 
Quinacrine............ 7.7 | 80-90 4-11 3.0 | 5 >10? | Total plasma clearance, S) 
man [733] ee 
Chloroquine........... | 8.05 55 10-20 High Low >10? | Exact figures not avail- :: 
able 
| 8.3 70 5 65 .05 >10* | Total plasma clearance, 
| | dog [7] a 
Procaine.... -| 8.95 30 2 2.25 0.25 >104 | Unbound plasma clear- pees 
| ance, dog [82] 
Mecamylamine......... as) @ 60 4.6 |. 0.06 >10® | Total plasma clearance, 
dog [63] 
Salicylic acid........... | 3.0 | 75 10-85 .02 | 1.6 >10° | Unbound plasma clear- 
ance, man [88] Re 
Phenobarbital.......... Tia 40 25 1  >10? | Unbound plasma clear- 
| | | | | ance, dog [74] ee 
| 


* Weak acids and bases excreted by non-ionic diffusion. The ratio of permeabilities of the unionized and ionized 
fractions (Kv /Kr1) are calculated from Figure 4 in the case of bases and from a similar figure for the acids. 


values of Ky/Ky;. With the one exception of 
mecamylamine, all weak bases known to be 
excreted by a diffusion mechanism fall into this 
range of pK,. (Table 1.) Mecamylamine has a 
pK, of 11.3, and Figure 4 shows that the renal 
tubule cells must be highly impermeable to the 
ionized fraction of this base. The ratio Ky/Ky 
must be at least 10° for significant concentration 
to occur. Similar considerations in the case of 
weak acids diffusing into alkaline urine show 
that the optimum pK, range is 5.0 to 7.5. For 
bases diffusing into acid gastric juice the opti- 
mum range is 3.5 to 9.0. Again mecamylamine is 
an exception and the same high figure of Ky /Ky 
= 10° must be assumed to explain the significant 
concentration which actually occurs. (Table 1.) 

2. Reduction of concentration ratio by rate limitation 
of the diffusion process: In the language of pure 
mathematics every quantity is infinitely divisible; 
consequently the process of diffusion never 
reaches absolute equilibrium. The chemist 
however considers equilibrium to be reached for 
practical purposes when it is no longer possible 
to measure a difference of concentration in the 
two phases, and knows that true equilibrium 
actually occurs when the gradient is approaching 
molecular dimensions. In the following mathe- 
matical analysis of rate limitation of non-ionic 
diffusion it will be shown that apparently in- 
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finitesimal concentration gradients may be of 
practical importance. 
By Fick’s law of diffusion, the rate of transfer 


dQ 


of any diffusing substance (2 is proportional 


to the area of the surface membrane (A) and to 
the concentration gradient (U,, — U,). 


dQ _ 

dt 
where Ky is the diffusion coefficient of the union- 
ized component. 


But Q’= V(Un + In) = UnV{1 + 100*%*-PH®)} 
where V is the volume of fluid into which the 
substance is diffusing. 
dUn _ Ky-A(Um — Un) 
dt V{1+ 
which on integration gives: 
Un Ky.A t. 
Um — Un V{1 + 


Ky-A.(U,, U3); 


Therefore: 


In 


or 
0.4343 Ky.At. 


Um — Un V{1 — 


Therefore if log wee 


log 


is plotted against 
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TABLE 11* 
P Plasma Protein R (corrected | Maximal Possible | F 
PKs | ‘Binding (%) | ©P*rved) | binding) |  ValueofR 
Bases: | 
0.3 0 1.0 1.0 1.0 errr 
Theophylline. ............ 0.7 15 1.5 1.3 1.5 | 
1.4 0 4.2 4.2 4.2 
5.0 25 40 104 >10 
5.0 15 42 104 | >10 
ow 9.2 50 40 10° | >108 
10.3 23 10.5 | 108 
Mecamylamine........... 3:3 28 20-40 10° >105 
Acids: 
3.0 75 0 0 
Phenylbutazone........... 4.4 90 0 0 
Rs 7.6 75 0.12 0.5 0.6 
p-Hydroxypropio phenone..| 7.8 75 0.13 0.5 0.6 


* Weak bases and acids diffusing into gastric juice when given intravenously. The ratios of the permeabilities of the 
unionized and ionized fractions (Ky/K1) are calculated from a similar figure to Figure 4. Values except those for 
mecamylamine [24] are taken from the paper of Shore et al. [6]. 


time, a straight line with a slope equal to minus 


= PaCS is obtained. Provided the 
pK, of the base is more than two units above 
pH, the slope will decrease ten-fold for every 
unit fall of pH,. Consequently it will take ten 
times longer for the same degree of equilibrium 
to occur. If only a certain fixed time is available 
for diffusion, there will be a much greater 
deviation from the equilibrium state at low 
values of pH, at which there is a greater transfer 
of the diffusing base. 

The three curves in Figure 5 graphically 
represent the limiting effect of three finite 
diffusion rates on the theoretical maximum con- 
centration ratio (straight line) for a base of pK, 
above 9.4. The assumption is made that the 
time available for diffusion is unaffected by 
change of urinary pH. As urinary pH decreases, 
the disequilibrium between U,, and Uy, rises, 
causing a corresponding reduction in the con- 
centration ratio of total base. For every unit 
decrease of pH, there is a tenfold increase in 
the amount of base which must diffuse before 
equilibration is complete. The lowest curve 
shows the effect of a slow diffusion rate which 
reaches 90 per cent of full equilibrium at pH 7.4. 
With equal diffusion time, this same rate limits 
the equilibrium at pH 4.4 to 0.23 per cent of 


completion with a correspondingly large reduc- 
tion of the concentration ratio (R) from 10° to 
2.3. The highest curve shows the effect of a very 
rapid rate of diffusion which, at a urinary pH 
of 7.4, permits the equilibrium between U,, and 


U, to come within {0100 of completion. However, 


at a pH of 4.4 equilibrium between U,, and U, 
is still only 23 per cent complete, with reduction 
of R from 10* to 230. At pH 4.4, 1,000 times 
more base must diffuse across the membrane 
than at pH 7.4 to produce the same degree of 
equilibration. It is obvious therefore that any 
substance showing a significant degree of con- 
centration by non-ionic diffusion must pass 
across cell membranes with great rapidity. 

It is seen from Figure 5 that the curvilinear 
regression between log R and urinary pH ap- 
proaches a maximum at lower pH values. This 
fact epitomizes the difference between diffusion 
of bases into neutral and highly acid urines. At 
the start of diffusion the driving force is identical, 
being the concentration of the unionized base in 
the plasma. In neutral urine the rate of diffusion 
rapidly falls off as the concentration of the 
unionized fraction in the urine rises. In acid 
urine almost all the unionized molecules diffus- 
ing across the tubule cells become ionized when 
they pass into the acidic tubular fluid. A high 
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rate of diffusion is therefore maintained through- 
out the whole of the diffusing period. The 
maximal possible transter is that obtained if the 
rate of passage remains constant at the high 
initial value during the whole of the available 
time. 

3. Apparent reduction of diffusion concentration 
ratios due to false reference to arterial instead of 
capillary plasma: In order to measure a concen- 
tration ratio of any substance across a mem- 
brane it is obviously necessary to determine the 
separate concentrations of the substance in the 
two phases. Unfortunately this is not always 
possible in biological systems and then only 
an estimate of the true ratio can be made. In 
the stomach, for example, the true ratio is that 
between the gastric juice and the non-protein 
bound fraction of the substance in mucosal 
capillary plasma after diffusion is complete. 
The concentration in the juice can be measured 
directly, usually by obtaining samples from a 
Heidenhain fundic pouch in a dog under maxi- 
mal stimulus from a histamine infusion [6]. The 
postdiffusion plasma concentration can only be 
inferred and is always lower than any plasma 
concentration that can be directly measured. 
The level in arterial plasma is obviously higher 
since diffusion has not taken place. The con- 
centration in gastric venous blood is also 
higher than the true value since there has been 
admixture with an unknown proportion of blood 
which has perfused gastric muscle and connec- 
tive tissue, and from which no diffusion has 
occurred. The net effect is a measured concen- 
tration ratio which is falsely low, the error 
increasing with high rates of transfer of the 
diffusing base. 

In the kidney the situation is even more un- 
satisfactory as neither phase is available for 
direct analysis. As will be shown later, the site of 
non-ionic diffusion in the nephron is proximal to 
that of water reabsorption in the distal tubule. 
The concentration of the diffusing base in urine 
in the bladder is therefore higher than the aver- 
age value in tubular fluid at the diffusion site. 
The nearest approximation to the true value is 
the concentration in urine obtained during con- 
ditions of maximal water diuresis. Since more is 
known about the dynamics of the renal than of 
the gastric circulation, it might be thought that a 
more accurate estimate could be made of the 
concentration in the plasma perfusing the renal 
tubules. Current uncertainties in renal physi- 
ology however make such an estimate of doubt- 
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ful validity. Studies of renal haemodynamics 
indicate that about 92 per cent of the renal 
plasma flow actually perfuses the nephrons [8] 
and is therefore available for diffusion. Pap- need 
penheimer and Kinter [9-77] have presented Ras 
evidence that a proportion of the erythrocytes 
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Fic. 5. The effect of rate limitation of diffusion on the 
concentration ratio of a base of pK, 9.4 between urine 
of varying pH and plasma of pH 7.4. The lowest curve 
shows the gross reduction of R produced by a slow rate of 
diffusion which reaches 90% of full equilibrium at urine 
pH 7.4. The highest curve shows the appreciable reduc- 


tion of R at a rapid diffusion rate reaching within {p10 


of complete equilibrium at urine pH 7.4. The straight 
line shows the theoretical maximum values of R at 
infinite diffusion rates. 


may be separated off by “‘plasma skimming”’ and 
shunted into the renal veins without being in 
contact with the renal tubules. Bradley’s criti- 
cisms [72] of the data show that this must be 
regarded as a feasible hypothesis rather than ! 
undisputed fact. All substances which are ee 
excreted by a diffusion mechanism pass freely ee 
into cells and are present in erythrocytes often . 
in a concentration higher than that of plasma. ae 
If separation of erythrocytes does occur, the 
concentration of the diffusing base within 
renal capillary plasma will be much lower than 
if the tubules are perfused with whole blood. 
In either case, however, analysis of renal venous 
blood will give an identical result since a new 
state of equilibrium between plasma and erythro- 
cytes is rapidly reached. The exact degree of 
protein binding within the capillary plasma is a 
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further unknown factor. Most of the substances 
concerned are partially protein-bound (Table 
1), and the proportion bound usually consider- 
ably increases as the total concentration falls [73]. 

An approximate relationship between the 
true concentration ratio (R) and the apparent 


re) 
< 
10 
z 
w 
10" 5 6 7 8 
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Fic. 6. The effect of incorrectly using the concentration of 


a diffusing base in arterial instead of renal capillary 
plasma when calculating the concentration ratio. The 
straight line represents the true ratio. The curved lines 
give the reduced values obtained at varying proportional 
flow rates of the two fluid phases. The actual value of 
Vm/Vn for the normal human kidney is 80, and for 
the dog’s stomach is 40. To simplify calculations it is 
assumed that the base is not bound to plasma protein 
and is present in erythrocytes in the same concentration 


as in plasma. 


concentration ratio (R,) between tubular 
fluid or gastric juice and arterial plasma can be 
derived as follows: Let V,, be the rate of blood 
flow at the diffusion site, and V, the rate of flow 
of either gastric juice or intratubular fluid. C,,, 
is the average concentration of weak base in 
capillary blood, and C, in arterial blood. The 
ratio of the concentration of the non-protein 
bound fraction to the total concentration is 
b, and here it will be assumed that b is constant. 
If b varies, similar but rather more complex 
relationships can be derived. The amount of 
base delivered by the arterial blood in unit time 
is V,,.C,. This is distributed between capillary 
blood and either gastric juice or tubular fluid. 


= Vin-Ceap + b.Va-R-Ceoap 


R,.C, 


R.Con 
but Rg = ———» and therefore C.ap = — 


Cy 
Substituting for C,.,, and dividing throughout 


by Cy: 


Vn.R, 
Va 


R 
Multiplying by Vv. 


R R Vm b.R.R 
. Va a . . a 
b.R.R, 
Whence V. = (R — R,) 


The effect of incorrectly relating concentra- 
tion ratios to arterial rather than to capillary 
plasma is shown in Figure 6. The true concentra- 
tion ratio of the diffusing base is represented by 
the straight line, log R being inversely propor- 
tional to urinary pH. Apparent concentration 
ratios are shown for values of V,,/V, of unity, 
10, and 100. The relationship between log Ry, 
and urinary pH is curvilinear, and at low pH 
values R, approaches a limiting value equal to 


bv, In the kidney V,,/V, must be approxi- 
mately equal to the ratio between the renal blood 
flow and the rate of urine flow in full water 
diuresis. This ratio is about 80 in the normal 
human. 

In the kidney, knowledge of renal haemo- 
dynamics allows an approximate prediction of 
R,. In contrast, in the stomach actual measure- 
ment of R, can be used to define gastric haemo- 
dynamics. The apparent concentration ratio 
between gastric juice and total arterial plasma 
base (b.R,) is about 40 for a large number of 
organic bases and never exceeds this figure. 
(Table u.) Therefore the blood flow through the 
gastric mucosa must be forty times the rate of 
flow of gastric juice under full histamine stimula- 
tion. Since the gastric venous blood contains 
about one-third the original concentration of 
weak base [6], the total gastric blood flow is 
sixty times that of the maximal rate of secretion 
of gastric juice. One-third of this is distributed to 
gastric muscle and connective tissue and is 
therefore unavailable for diffusion into the 
gastric juice. The maximum rate of secretion of 
gastric juice in a dog weighing 20 kg. is of the 
order of 1.2 ml./minute [74,75]. The total portal 
blood flow in a dog of this size is about 480 ml./ 
minute [76]. Therefore the gastric blood flow 
accounts for about 15 per cent of the total portal 
flow. 
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The Diffusion of Weak Bases and Acids Into 
Gastric and Pancreatic Juice. Several groups of 
workers | 77—27| have studied, by means of gastric 


pouches in dogs, the diffusion of intravenously 


injected dyes into acid gastric juice, and are in 
general agreement as to which are concentrated 
in the stomach. Only basic dyes diffuse into the 
juice, whilst acidic dyes often cannot be de- 
tected therein. Maximum concentration ratios of 
basic dyes between juice and arterial plasma are 
of the order of forty times [77,79]. In contrast, 
Ingraham and Visscher [79] found that only 
acidic dyes diffused into alkaline pancreatic 
juice. Since the pH difference between pan- 
creatic juice and plasma is less extreme, lower 
ratios than those of gastric juice were obtained. 
Similar observations have been made with 
various drugs. The weak bases, a-acetylmethadol 
22| and dromoran [23], were found to behave 
similarly to the basic dyes. Recently Shore et al. 
[6] have published a detailed study of diffusion 
of drugs into gastric juice obtained from Heiden- 
hain pouches in dogs under maximal secretory 
stimulus from continuous intravenous infusions 
of histamine. (Table 1.) It is seen that relatively 
strong acids of pK, below 5 are not detectable 
in the juice, whilst weaker acids are present in 
lower concentration than arterial plasma, ap- 
proximating to the theoretical values of Figure 
2. Very weak bases, e.g. acetanilide, theophylline 
and antipyrine, of pK, below 2, are present at 
concentrations higher than arterial plasma, 
again agreeing well with the theoretical values of 
Figure 1. Stronger bases usually show a con- 
centration ratio between juice and rterial 
plasma of about 40 times. As previously stated, 
this is much less than the theoretical maximal 
ratio which rises to 10° at pK, values above 8.0. 
(Fig. 1.) The behaviour of aniline (pK, = 5.0) 
was studied in more detail, as simultaneous 
observations were made of the concentrations in 
juice and both arterial and gastric venous blood. 
At the concentration used, 32.5 per cent of the 
aniline in arterial blood was free in plasma, 11 per 
cent was bound to plasma proteins, and 56.5 per 
cent was within the erythrocytes. The gastric 
venous blood contained only 36 per cent of the 
amount of aniline in arterial blood, showing that 
64 per cent had diffused into acid gastric juice. 
This proves that the diffusion of aniline across 
the erythrocytic membrane is so rapid that the 
intracellular component is freely available for 
further diffusion from plasma into gastric juice. 
As previously described, the limiting effect of 
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measuring the apparent concentration ratio 
(R,) instead of R is the reason for the reduction 
of the theoretical maximal concentration ratio of 
10* to the observed value of 40. 

It is seen from Table u that tolazoline (pK, = 
10.3) is an exception, as the observed concentra- 
tion ratio was below 40. At this high pK, value 
limitation of the concentration ratio by per- 
meability to the ionized component becomes 
especially important. The observed value could 
be fully explained by the assumption that Ky/Ky 
for tolazoline is 10+. In contrast, Stone et al. [24], 
using mecamylamine, a base with a still higher 
pK, of 11.3, found a concentration ratio of 20 
to 40. This high ratio could occur only if there is 
almost complete impermeability to ionized 
mecamylamine. The permeability ratio (Ky/Ky) 
must be above 105, an estimate similar to that 
derived from diffusion of the same base across 
renal tubule cells. 

Non-ionic diffusion is of practical importance 
in connection with absorption of drugs from the 
stomach. In general, weak acids should be 
rapidly absorbed, whereas absorption of weak 
bases should be slow. Travell [25] showed 
that various alkaloids were poorly absorbed from 
the stomachs of animals with a ligated pylorus 
provided the contents were highly acid. The 
effect was particularly striking in the case of 
strychnine, in which instance administration of 
excess sodium bicarbonate by mouth reduced 
the oral LDs5o dose threefold. Shore et al. 
[26] found that acids, e.g. salicylic acid and 
acetanilide, were rapidly absorbed from the 
ligated rat stomach whereas relatively strong 
bases, e.g. quinine, were not absorbed. It has 
recently been shown [27,28] that these results are 
applicable to man. The rate of absorption di- 
minishes in the order: acids, e.g. aspirin and 
secobarbital > very weak bases, e.g. antipyrine 
> stronger bases, e.g. quinine and ephedrine. 
Diffusion into gastric contents may also be of 
forensic importance. It is useful to analyse 
stomach contents for certain drugs even if they 
have been given by injection, but it would be 
unwise to predict blood levels from the result 
obtained. 

Ammonia Excretion. Ammonia is the only 
naturally occurring substance known to be 
excreted by a diffusion mechanism. Its excretion 
differs from that of the organic bases discussed 
later, as urinary ammonia is entirely produced 
by the renal tubule cells and is not derived from 
arterial blood. Conway [29] in fact considers 
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that mammalian arterial blood contains no 
free ammonia. The ammonia concentration 
is highest within the cells, and diffusion occurs 
both into the fluid within the tubular lumen and 
into renal capillary blood. 

Nash and Benedict [30] showed that blood 
obtained from the renal vein contained more 
ammonia than arterial blood, and suggested 
that urinary ammonia must be synthesized by 
the kidneys. They erroneously considered urea 
to be the most probable source, but realised 
that their data could also be explained by 
deamination of amino acids. Krebs [37,32] 
showed that kidney tissue was capable of oxida- 
tive deamination of both L- and p-amino acids, 
different enzyme systems being concerned in the 
case of each isomer. He considered that urinary 
ammonia could possibly be derived from blood 
amino acids. Van Slyke et al. [33] measured 
renal arteriovenous concentration differences (in 
the dog) of many possible ammonia precursors. 
They conclusively showed that no urinary am- 
monia was derived from urea, that 60 per cent 
or more was formed from the amide nitrogen 
of glutamine, and the remainder from the 
q@-amino nitrogen of various plasma amino acids. 
Since then glutamine has been regarded as the 
major source of urinary ammonia, but similar 
observations in species other than the dog are 
meagre and inconclusive. 

Ammonia excretion is dependent on the two 
separate processes of rate of production within 
the tubule cells and the rate of diffusion into the 
fluid within the renal tubular lumen. The rate of 
production, like other enzymatic processes, is 
influenced both by the concentration of sub- 
strate and by the amount of available enzyme. 
Bartlett et al. [34] found a close correlation in 
dogs between plasma glutamine concentration 
and the rate of ammonia excretion. Many work- 
ers [35-38] have shown that urinary and renal 
venous ammonia increases after administration 
of various amino acids or injections of protein 
hydrolysates. The findings in general agree with 
the results of Kamin and Handler [37] who 
showed that L-glutamine, L-asparagine, L- and 
p-alanine and t-histidine are highly effective; 
L-aspartic acid, glycine, L-leucine, L-methionine 
and L-cysteine are moderately effective; and 
L-glutamic acid, L-lysine and L-arginine are com- 
pletely ineffective in increasing ammonia pro- 
duction. Lotspeich and Pitts [36] considered that 
there was good correlation between the effect 
on ammonia excretion, the susceptibility to 


oxidative deamination in vitro, and the degree of 
tubular reabsorption of each amino acid. The 
more extensive observations of Kamin and 
Handler [37] however suggest that this correlation 
is by no means absolute. Bliss [35] found that the 
p-isomers of both alarine and leucine were more 
active in promoting ammonia excretion in the 
dog than the corresponding .t-form. Whilst 
these experiments show that urinary ammonia 
can be formed from amino acids, they do not 
prove that this is the source material under 
physiological conditions. The concentrations of 
the amino acids were well above the normal 
level, and in many cases the unnatural D- or DL- 
form of the amino acid was used. 

Variation in tubular enzyme concentration is 
of greater physiological importance than change 
in the availability of substrate. Four separate 
enzyme systems may possibly be of importance 
in renal ammonia synthesis: glutaminase, L- 
amino acid oxidase, glycine oxidase and trans- 
aminases. D-amino acid oxidase is obviously of 
no physiological importance in this respect. 
Davies and Yudkin [39,40] showed that renal 
glutaminase, L-amino acid oxidase and glycine 
oxidase, but not transaminases, were increased 
by chronic ammonium chloride acidosis in the 
rat and were decreased by chronic alkalosis 
produced by sodium bicarbonate administra- 
tion. This gradual increase of renal tubular 
enzymes accounts for the slow rise of ammonia 
production described by many workers [4/—4| 
during the first few days of metabolic acidosis. 
Sartorius et al. [43] found that urinary ammonia 
was still increasing on the fifth day of ammonium 
chloride acidosis, and Wood [46] showed there 
was a gradual increase throughout the first eight 
days of acidosis. A similar rise of renal glu- 
taminase and L-amino acid oxidase has been 
shown to occur in potassium depletion [47] and 
after prolonged administration of acetazole- 
amide [48] in the rat. The single effective stimu- 
lus may be an increased acidity of renal tubular 
cells. Potassium depletion causes a fall of intra- 
cellular pH in slices of renal cortex [49]. Acet- 
azoleamide produces an extracellular acidosis 
with fall of plasma pH, and a total body acidosis 
from loss of bicarbonate in the urine [50], but its 
effect on intracellular pH is less certain. The 
effect of acetazoleamide on ammonia synthesis 
varies in different species. Thus there is no evi- 
dence of a delayed rise of ammonia excretion 
after prolonged acetazoleamide therapy in man 
or the dog. Both ammonia excretion and 
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urinary pH return to control levels despite con- 
tinued systemic acidosis [57]. This suggests that 
in man and the dog acetazoleamide acidosis is 
not associated with adaptive changes in renal 
tubular glutaminase similar to those occurring 
in ammonium chloride acidosis or potassium 
depletion. 

Although earlier workers [52-54] had demon- 
strated an inverse relationship between ammonia 
excretion and urinary pH, Ferguson [55] first 
showed that this depended entirely upon urinary 
pH changes rather than on variation in systemic 
acid-base balance. He found that after admin- 
istration of the carbonic anhydrase inhibitor, 
p-sulfamylbenzoate, to rats there was an im- 
mediate fall in ammonia excretion quantitatively 
similar to that in sodium bicarbonate alkalosis. 
Robinson {56| showed that similar effects could 
occur in rat kidney slices. Diffusion of ammonia 
into the incubation fluid was inversely related to 
the external pH. In man and the dog [7,45,57,58] 
there is an inverse linear relationship between 
the logarithm of the rate of ammonia output and 
the urinary pH. Clarke et al. [45] found a 
statistically significant deviation from linear 
regression between ammonia excretion and 
urinary pH, but the data were consistent with a 
linear relation if log ammonia excretion was 
used. The regression coefficient, which defines 
the rate of change of log ammonia excretion per 
unit fall in urinary pH, is minus 0.30 both in the 
dog and in man [7,45]. This closely agrees with 
the value found for other weak bases excreted 
by a diffusion process [7]. 

In summary, two separate factors influence 
ammonia output, rate of production in the 
tubule cells and rate of diffusion from the cells 
into the intratubular fluid. The former is 
chiefly dependent on changes in systemic acid- 
base balance, whilst the latter is governed 
by the physicochemical laws previously de- 
scribed. Changes in diffusion instantaneously 
follow variation in urinary pH, but the rate of 
production is secondary to slower adaptive 
processes which vary in different species. Adap- 
tive changes are more rapid in the rat [59] than 
in man and the dog. In the rat there is often 
considerable deviation from the simple relation- 
ship readily demonstrable in short-term experi- 
ments in man and in the dog, between log 
ammonia excretion and urinary pH. Leonard 
and Orloff [59] found that in rats changes related 
to systemic acid-base balance are often more 
important than urinary pH as determinants 


MAY, 1958 


of ammonia excretion. In particular, the regres- 
sion coefficient relating log ammonia excretion 
to urinary pH is variable in this species, values 
ranging from —0.2 to —0.7. The data are con- 
sistent with the diffusion theory, which allows a 
possible range from 0 to —1.0. There are still, 
however, many unexplained phenomena re- 
lating to ammonia output. The adaptive changes 
in the acidotic rat may precede any detectable 
rise of renal glutaminase [59]. In the guinea pig 
ammonia output rises with both acidification 
and alkalinization of the urine from a minimum 
value at pH 7.5 [60]. Renal glutaminase rises 
with either stimulus, alkalosis being more effec- 
tive than acidosis in this species [67]. In the 
alligator the urine is usually alkaline and con- 
tains large amounts of ammonia [62]. Here 
ammonia appears to be more related to reten- 
tion of body cations and to water excretion 
rather than to control of acid-base balance. 

Diffusion Mechanisms in the Renal Excretion of 
Other Weak Bases and Acids. Non-ionic diffusion 
is less generally applicable to renal excretion 
than to diffusion into acid gastric juice. Only a 
few weak bases and acids are known to be 
excreted by a diffusion mechanism. (Table 1.) A 
weak base or acid must have certain unusual 
properties before excretion by diffusion can 
occur. The rate of diffusion of the unionized 
component across the cell membrane must be 
extremely rapid or otherwise high concentration 
gradients cannot occur. (Fig. 5.) In contrast, 
the tubule cells must be relatively impermeable 
to the ionized fraction since a high ratio of the 
two permeability coefficients (Ky/Ky) is essen- 
tial. (Figs. 3 and 4.) In addition, the pK, of the 
weak base or acid should be within a favourable 
range. (Fig. 4.) These limitations apply less to 
diffusion into gastric juice because of the high 
theoretical maximum concentration ratio of 
10°. (Fig. 1.) This maximal ratio is only 10* in 
the case of renal excretion of weak bases (Fig. 1), 
and 10 for weak acids. (Fig. 2.) The various 
factors limiting the concentration ratio are there- 
fore more liable to overwhelm the effect in the 
kidney than in the stomach. In addition, the 
kidney excretes many weak acids and bases by 
specific transport mechanisms which may mask 
excretion by a diffusion process. 

The weak acids and bases discussed in this 
section have many properties in common. They 
are almost all partially bound to plasma pro- 
teins. They rapidly diffuse both into erythrocytes 
and into the general intracellular compartment. 
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The weak bases often combine with tissue pro- 
teins, and therefore the concentration in various 
organs may be much higher than in plasma. 
They are all partially metabolized in the body 
and only a fraction of the unchanged drug is 
recoverable in the urine. As previously de- 
scribed, the concentration ratios between intra- 
tubular fluid and the non-protein bound fraction 
of the substance in renal capillary plasma cannot 
be directly measured. Proof of non-ionic diffu- 
sion therefore rests on the demonstration that a 
change in urinary pH has a profound effect on 
the renal clearance of the compound. The possi- 
bility that systemic acid-base balance rather than 
urinary pH is the determining factor in influ- 
encing the clearance must be excluded. In the 
case of some weak acids, e.g. citric, a-keto- 
glutaric and gentisic acids, and certain sul- 
fonamides, a change in systemic acid-base bal- 
ance alters the capacity of the renal tubule 
cells to reabsorb the acid from the glomerular 
filtrate. Possibly the actual determinant is the 
intracellular pH of the tubule cell. A useful 
method of differentiation from a diffusion 
mechanism is a comparison of the effects of 
three different methods of alkalinization of the 
urine. Small doses of sodium bicarbonate pro- 
duce a maximal urinary pH but have only a 
slight effect on systemic acid-base balance. 
Acetazoleamide rapidly produces an alkaline 
urine which is associated with systemic acidosis. 
Hyperventilation alkalinizes the urine less 
effectively but causes considerable systemic 
alkalosis. In excretion by non-ionic diffusion 
the clearance should be influenced only by 
the urinary pH, and not by the diverse effects on 
total body acid-base balance. 

In cases in which systemic acid-base balance is 
the factor influencing the excretion rate of a 
weak acid, alkalosis diminishes tubular reab- 
sorption and therefore the clearance approaches 
that of inulin. In contrast, non-ionic diffusion 
is a purely tubular process and is therefore un- 
related to the glomerular filtration rate. The 
clearance may be lower than that of inulin at 
one extreme of urinary pH and considerably 
higher at the other. (Table 1.) Since excretion 
is determined by concentration ratios, there 
should be no limiting tubular maximal re- 
absorptive or secretory capacity. The clearance 
at any particular urinary pH is constant what- 
ever the plasma level. This has been experi- 
mentally demonstrated to date only in the case 
of mecamylamine [63]. 


In previous descriptions of clearances involv- 
ing non-ionic diffusion, confusion has occurred 
because of careless definition of renal clearance 
when complicated by protein binding of the 
substance and diffusion into erythrocytes. When 
a compound is excreted by glomerular filtration 
and tubular reabsorption, the clearance should 
be calculated from the non-protein bound frac- 
tion in plasma. The process of glomerular 
filtration does not change the equilibrium state 
of the three components of the substance in the 
blood. In the case of a substance with a clear- 
ance higher than the glomerular filtration rate, 
involving tubular secretion, the total plasma 
content is used in calculation of the clearance. 
Protein binding does not make the bound frac- 
tion unavailable for tubular secretion because, 
as fast as the concentration of the non-bound 
fraction is reduced, there is immediate dissocia- 
tion of the protein complex. Much more phenol 
red is secreted into the tubular lumen than is 
free in plasma [64,65]. Diodrast and p-amino- 
hippurate are virtually completely cleared from 
plasma despite there being a considerable frac- 
tion bound to plasma protein [8]. 

Participation of the erythrocytic fraction in 
renal clearance has received less previous atten- 
tion. Phenol red does not enter the red cell 
in vitro [66|. Diodrast and PAH enter the dog 
erythrocyte very slowly in vitro but much more 
rapidly in vivo [67-69]. Diodrast behaves simi- 
larly in man [69,70], but PAH does not enter 
human red cells either in vitro or in vivo |69,77). 
Deformation of erythrocytes within capillaries 
possibly enhances the penetration of these sub- 
stances in vivo. Since the PAH and diodrast 
clearances are identical both in man and the dog 
[69], it is usually assumed that the erythrocytic 
fraction of both diodrast and PAH is unavailable 
for tubular secretion. Diffusion of these sub- 
stances across the erythrocytic membrane is 
slow [72], the amount diffusing during the short 
renal blood transit time being negligible. In 
contrast, the substances excreted by non-ionic 
diffusion cross the erythrocytic membrane very 
rapidly and the cellular fraction in the blood is 
therefore available for excretion. The experi- 
ments of Shore et al. [6] showed that the 
erythrocytic fraction of aniline diffused freely 
into acid gastric juice. Similar participation of 
the red cell fraction of a weak base diffusing into 
acid urine would be proved if the clearance could 
be shown to exceed the simultaneous PAH clear- 
ance. Baer et al. [63] have recorded whole 
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plasma clearances of mecamylamine in the dog 
which are 1.13 times that of PAH. The plasma 
extraction ratio was only 0.8 times that of PAH, 
which would be expected if a proportion of the 
excreted drug had been derived from the red cell 
fraction. The interpretation is obviously com- 
plicated by the possibility of pretubular devia- 
tion of red cells by a “‘skimming”’ mechanism 
(9-77|. The results, however, suggest that a 
significant fraction of erythrocytes actually per- 
fuse the renal tubules. 

The meaning of the term “clearance” in 
relation to substances excreted by non-ionic 
diffusion is therefore less well defined than when 
applied to substances excreted by glomerular 
filtration with subsequent tubular reabsorption 
or secretion. To avoid confusion the method of 
calculation of the clearance should be given, 
and preferably the degree of protein binding 
and the concentration of drug in the erythro- 
cytes should also be reported. The ratio of the 
three blood components varies with different 
total blood concentration [73]. 

The urinary pH determines the rate of excre- 
tion of a weak acid or base eliminated by a 
diffusion process, but not the final urinary 
concentration of the substance. This proves that 
the site of diffusion in the nephron is proximal 
to that of the final adjustment of urinary minute 
volume by water reabsorption. The most distal 
portion of the tubule must be almost completely 
impermeable to both the ionized and the union- 
ized components of weak acids and _ bases, 
otherwise there would be diffusion outwards 
with the reabsorbed water and the clearance 
of the weak acid or base would be reduced by 
oliguria. Excretion of ammonia [7] and of free 
salicylate [73] have been shown to be almost 
independent of rate of urine flow. Phenobarbital 
[74] is exceptional as the clearance is signifi- 
cantly reduced by oliguria. Osmotic diuresis has 
a greater influence on non-ionic diffusion than 
water diuresis. Ammonia excretion [7] and 
salicylate clearance [73] are both considerably 
increased by mannitol infusions. Osmotic diure- 
sis increases the rate of flow of the intratubular 
fluid at the diffusion site, and therefore more 
weak base or acid diffuses into the tubular lumen 
before equilibrium of the unionized fraction is 
reached. Limiting factors may reduce the clear- 
ance below that theoretically expected from the 
increase of the osmotic load. Macpherson et al. 
[73] found that the free salicylate clearance was 
doubled by an infusion of mannitol which 
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increased the excreted osmotic load fourfold. 
Increasing the rate of flow within the tubules 
reduces equilibration of the unionized fraction, 
and therefore rate limitation of the diffusion 
process becomes of greater importance. 

Chambers and Kempton [75,76] first clearly 
showed the fundamental differences between 
excretion by a diffusion mechanism and excre- 
tion involving a tubular transport system. They 
compared the excretion of neutral red and 
phenol red in the frog. The dyes were infused 
into the renal portal vein, and simultaneously 
either ammonium chloride or sodium bicar- 
bonate solution was injected into the aorta. 
Neutral red was concentrated in acid urine but 
not in alkaline urine. The excretion of phenol 
red, which involves an active renal tubular 
transport system, was unaffected by changes in 
acid-base balance. Administration of cyanide 
or urethane depressed the excretion of phenol 
red but had no effect on the physicochemical 
diffusion process involved in the excretion of 
neutral red. 

Jailer et al. [77] showed that the excretion in 
man of the antimalarial drugs, quinacrine, 
chloroquine and santoquine, was higher in acid 
than in alkaline urine. The excretion of quin- 
acrine and other amino-acridine derivatives 
has been investigated in more detail by Orloff 
and Berliner [7] in the dog, and by Leonard and 
Orloff [59] in the rat. In acid urine, log clearance 
is inversely and linearly related to urinary pH, 
d log clearance/d pH being about —0.3. In 
more alkaline urine, when the excretion rate is 
low, d log clearance/d pH approaches the 
limiting value of —1.0. This is the expected 
result if there were no limiting factors reducing 
the theoretical maximal concentration ratio. 
In acid urine the excretion of quinacrine exactly 
parallels that of ammonia. This relationship was 
used to estimate plasma quinacrine in field 
conditions in World War 1 when the somewhat 
difficult fluorimetric methods were not available 
[78,79|. Formulae were published by which 
plasma levels could be approximately calculated 
provided rates of excretion of both quinacrine 
and ammonia were known. The excretion of 
quinine in man has been claimed to be twice 
as rapid in acid as in alkaline urine [80]. 
Orloff and Berliner [7], however, consider that 
quinine is not excreted by a diffusion mechanism 
in man, but is in the dog. Cinchonine, it has also 
been claimed, is excreted more rapidly in acid 
urine in man than in alkaline urine [87]. 


4 
; 
oe 
fm 
x,’ 
; 
Se 
wu 
7 
x 
3 
4 


722 Diffusion and Excretion of Weak Acids and Bases—Milne et al. 


The clearance of procaine in both the rabbit 
and the dog [82] is much higher in acid than in 
alkaline urine. Although no data on the effect 
of acetazoleamide on the clearance are available, 
there is little doubt that this is an example of a 
diffusion mechanism. Baer et al. [63] showed that 
the clearance of mecamylamine was greatly 
increased in the dog by acidification of the urine, 
and was depressed by alkalinization both with 
sodium bicarbonate and acetazoleamide. Simi- 
lar results were obtained by other workers in 
man and the rat [83,84]. This is the only known 
example other than ammonia in which the 
variation of clearance of a weak base with uri- 
nary pH is of direct practical importance. 
About 60 per cent of ingested mecamylamine is 
excreted unchanged in the urine [83], and there- 
fore variation in clearance influences the amount 
of the drug retained in the body, and the result- 
ant pharmacological effect. Much smaller 
proportions of the other organic bases (Table 1) 
are excreted unchanged in the urine, conse- 
quently plasma levels and the amount of drug 
retained in the body are chiefly dependent on 
metabolic processes and not on the excretion 
rate. Haag and Larson [85] reported that nico- 
tine is excreted in man four times as rapidly in 
acid as in alkaline urine. Further investigation 
is necessary before this can be accepted as an 
example of a diffusion process. 

To date only two organic acids, salicylic acid 
and phenobarbital, have been shown to be 
excreted by a diffusion mechanism. The theo- 
retical maximum concentration ratio of a weak 
acid between alkaline urine and plasma is 
only 10 (Fig. 2), and therefore diffusion processes 
are likely to be less important than in the case of 
weak bases. Sodium bicarbonate reduces both 
the toxicity and the plasma levels of salicylate 
[86]. This was shown by Smith et al. [87] to be 
due to an increased rate of excretion of free 
salicylate in alkaline urine. The free salicylate 
clearance is lower than that of inulin in acid urine, 
but considerably higher in alkaline urine [88]. 
Macpherson et al. [73], by comparing the effects 
of sodium bicarbonate, acetazoleamide and 
hyperventilation, showed that the urinary pH 
and not systemic acid-base balance was the 
determining factor in excretion, d log clear- 
ance/d pH being +0.52. Almost all ingested 
salicylate is excreted in the urine, but conjugates 
with glycine and glucuronic acid form 90 per 
cent of the total in acid urine [89]. In the higher 
excretion rates of alkaline urine, conjugates 


account for only 15 per cent of the amount 
ingested. The pK, of salicylic acid is 3.0 which is 
below the optimum range for diffusion into 
alkaline urine. Calculations similar to those used 
in the construction of Figure 4 show that ade- 
quate concentration of salicylate could occur 
provided Ky/Ky is above 10°, a figure similar 
to that derived for mecamylamine. Gentisic acid, 
with a similar pKa, is not excreted by a diffusion 
mechanism. The simplest explanation is that the 
addition of the extra hydroxyl group in the case 
of gentisic acid increases permeability to the 
ionized component and therefore reduces Ky/ Ky. 
Waddell and Butler [74] showed that the 
phenobarbital clearance in man is about five 
times higher in alkaline than in acid urine, and 
that both sodium bicarbonate and acetazoleam- 
ide increased excretion. The pK, of phenobar- 
bital is 7.2, which is near the upper limit for 
concentration into alkaline urine. (Fig. 2.) 
Other barbiturates have a higher pK, which, as 
shown in Figure 2, prevents excretion by a dif- 
fusion mechanism. Urinary excretion is of 
quantitative importance in elimination of 
barbiturates from the body only in the cases of 
barbital and phenobarbital. The pK, of barbital 
is 7.7, which is too high for any significant degree 
of non-ionic diffusion to occur. The theoretical 
maximum concentration ratio between urine of 
pH 8.0 and plasma is 6.5 in the case of pheno- 
barbital, but only 2.0 for barbital. When the 
pK, of a drug is near that of plasma, small 
differences of pK, can have a profound effect 
on the pharmacodynamics of a drug. 
Alkalinization of the urine has been recom- 
mended in the treatment of both salicylate [73] 
and phenobarbital [74] intoxication. Other 
workers have reported favourably on dialysis 
with the artificial kidney in salicylate [90] and 
barbiturate [97] poisoning. Probably the ideal 
treatment in a severe case is a combination of 
both methods. Even if the clearance of a sub- 
stance excreted by a diffusion mechanism is 
high, elimination by the kidney alone may be 
relatively slow. Most of the drug is within the 
intracellular compartment and is therefore not 
immediately available either for excretion by the 
kidney or removal by extracorporeal dialysis. 
Other Types of pH Dependent Excretion. The 
excretion of some weak acids and bases may be 
influenced by changes in acid-base balance al- 
though they are not excreted by a diffusion 
mechanism. In the case of some weak acids, 
alkalosis diminishes tubular reabsorption of the 
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acid from the glomerular filtrate with conse- 
quent increase of clearance. Here systemic acid- 
base balance and not urinary pH is the determin- 
ing factor. Possibly the intracellular pH of the 
renal tubular cell is directly concerned. The 
excretion of some of the acids of the Krebs cycle 
is the most important example of this type of 
excretion, and this will be discussed in the next 
section. The renal excretion of gentisic acid [92] 
and of certain sulfonamides, including sul- 
fadiazine, sulfamerazine and _ sulfamezathine 
[93,94], is probably also of this type. Sodium 
bicarbonate increases the clearance of these 
acids but acetazoleamide has no such effect 
[95], and excretion by diffusion is thereby ex- 
cluded. Hyperventilation is more potent than 
small doses of sodium bicarbonate [95]. At any 
given dose, the blood levels of these sulfonamides 
is reduced by simultaneous administration of 
sodium bicarbonate [96]. Nevertheless, alkalin- 
ization of the urine is indicated if there is 
oliguria, since the solubility of their acetyl 
products is thereby increased. 

Systemic acid-base changes may also alter the 
distribution of weak acids and bases within the 
body and therefore alter their availability to the 
kidney. Here rate of excretion rather than renal 
clearance is primarily affected, since the plasma 
levels change. In general, acidosis tends to 
increase the plasma level of weak bases and 
decrease that of weak acids. Respiratory changes 
in acid-base balance are more effective than 
metabolic changes since the alteration of body 
PH is usually greater in the former. Thus breath- 
ing CO, at a concentration of 10 per cent or over 
increases plasma levels of the bases, quinacrine, 
chloroquine [97] and mecamylamine [98], but 
diminishes those of the acids, thiopental [99] 
and phenobarbital [74]. The available evidence 
suggests that, with the exception of thiopental, 
the distribution of the drug between the intra- 
and extracellular compartments is altered by 
changes in acid-base balance, probably by 
affecting intracellular protein binding. In the 
case of thiopental [99] the distribution of the 
drug between extracellular water and adipose 
tissue is influenced by change of pH. Metabolic 
changes in acid-base balance must be of extreme 
degree to produce a significant effect. Sodium 
bicarbonate has been reported to increase the 
plasma levels of phenobarbital in dogs [74], but 
the dosage used was 2.1 g./kg. body weight 
given during three hours. A rise of plasma con- 
centration as a result of change in acid-base 
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balance increases the pharmacologic effect of 
mecamylamine [98] but reduces that of pheno- 
barbital [74]. 

Waddell and Butler [74] have suggested that 
changes in body distribution of weak acids and 
bases are more likely to occur if the proportionate 
rate of change of the diffusible unionized fraction 
with respect to pH is high at the pH range of 
plasma. Mathematically this expression equals 
dU/dpH divided by U, and is obtained by dif- 
ferentiation of the Henderson-Hasselbalch 


equation. For a weak acid equals 


107-4 
107-4 + 10°Ks 
10°Ks 

log. 10. 


large if the pK, of an acid is below 7.4, and if the 
pK, of a base is higher than 7.4. All the five 
drugs mentioned have a pK, which agrees with 
theory, except thiopental which is a weak acid 
of pK, 7.6. 

The Excretion of Acids of the Krebs Cycle in Rela- 
tion to Acid-base Balance. Although almost all 
acids of the Krebs cycle can be detected in 
human urine [700,707], information of the effects 
of acid-base balance on their excretion is avail- 
able only in the case of citric and a-ketoglutaric 
acids. The physicochemical properties of these 
organic acids are completely unlike those ex- 
creted by a diffusion mechanism. Their mole- 
cules contain many polar groups, and thus the 
free acid is not very lipoid-soluble and is not 
freely diffusible across biological membranes. 
Citric acid does not diffuse freely into the eryth- 
rocyte [702], and tissue concentrations may be 
much higher than that of plasma. In fluoro- 
acetate poisoning [703-705] very high tissue 
concentrations of citrate are found with only a 
slight rise of the plasma level. 

Citric acid was first detected in human urine 
by Amberg and McClure [706]. Ostberg [707] 
showed that the normal range of excretion in 
man was 200 to 1,000 mg./day, and this was 
reduced in acidosis and increased in alkalosis. 
It has been known for many years that citrate 
excretion is not directly related to urine pH 
[708,109]. More recently acetazoleamide has 
been shown to reduce citrate excretion both in 
man [45,770] and the rat [777]. Hyperventilation 
increases citrate output more effectively than do 
small doses of sodium bicarbonate [772]. In- 
crease of urinary citrate accounts for almost all 
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» and for a weak base, 
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the rise of urinary organic acid in sodium bi- 
carbonate alkalosis in man, but less than 50 per 
cent of the increase produced by hyperventila- 
tion [772]. In the rat, only about 50 per cent of 
the increase of urinary organic acid produced by 
injection of sodium bicarbonate is due to citrate 
[773]. Potassium depletion reduces citrate excre- 
tion both in man [774] and the rat [772]. 
Administration of potassium bicarbonate [775] 
or rubidium bicarbonate [772] greatly increases 
citrate output both in the potassium-deficient 
and in the normal rat. Under these conditions 
citrate may temporarily become the major 
urinary anion. Potassium chloride is a much less 
effective stimulus to citrate output, possibly 
because of the extracellular acidosis produced. 
Citrate excretion is low in primary aldoster- 
onism [772], presumably because of the asso- 
ciated potassium deficiency. Potassium chloride 
increases citrate excretion in this disease, al- 
though the urinary pH becomes more acidic 
as the potassium deficiency is relieved. 

The most plausible single explanation of these 
changes is that the main determinant of citrate 
excretion is the intracellular pH of the tubular 
cells, acidosis reducing and alkalosis increasing 
citrate output. Potassium depletion has been 
shown to reduce the intracellular bicarbonate 
of the renal tubules, with production of intra- 
cellular acidosis [49]. Although acetazoleamide 
is known to cause a fall of plasma pH and a total 
body acidosis from loss of bicarbonate in the 
urine, its effect on intracellular pH is uncertain. 
The “condensing enzyme” of Ochoa, which 
synthesises citrate from oxaloacetic acid and 
acetyl-coenzyme A, is extremely pH dependent 
[776], the synthesis increasing as pH rises. The 
changes in citrate excretion accompanying 
alteration in acid-base balance are not accom- 
panied by any significant variation in plasma 
citrate [772]. Increased citrate output secondary 
to injection of potassium bicarbonate in the rat is, 
however, associated with considerable rise of 
renal tissue citrate [95]. This is comparable in 
degree with that produced by non-lethal injec- 
tions of fluoroacetate, and occurs within twenty 
minutes of injection of the potassium salt. There 
may possibly be a dynamic equilibrium between 
the amount of citrate within the tubular lumen 
and that within the renal tubule cell. Clearances 
which would necessitate tubular secretion have 
not been reported, but there is evidence from 
experiments involving infusion of malate in rats 
[707] that part of the urinary citrate may be 


derived from that synthesised within renal tubule 
cells. 

In human physiology, citrate excretion is also 
of interest in relation to the menstrual cycle and 
to calcium metabolism. Urinary citrate is at a 
maximum about the fourteenth day of the 
menstrual cycle, and abruptly falls to a mini- 
mum value just before menstruation occurs 
[777]. Citrate output is low in cases of ovarian 
insufficiency [778], and is increased by adminis- 
tration of oestrogens. The menstrual effect may, 
however, possibly be mediated by cyclical 
changes in acid-base balance. Serum sodium 
and bicarbonate are reduced and serum chloride 
increased immediately prior to menstruation 
[779,720], and alveolar pCOsz is reduced [727]. 

Citrate output also parallels calcium excre- 
tion. It is low in hypoparathyroidism [722], but 
rises after treatment with either parathormone 
or calciferol. Urinary citrate increases with 
calcium after injection of calcium gluconate 
[95]. In acidosis, however, the effects of acidosis 
are predominant, and the urine may become 
virtually citrate-free despite continued calcium 
excretion. Citrate readily forms a chelate com- 
plex with calcium. Tricarboxylic acids are in 
general more efficient chelating agents than 
dicarboxylic or monocarboxylic acids [723]. 
Citric acid is a more efficient chelating agent 
than the closely related tricarballylic acid [724]. 
Variation of urinary citrate in parallel with 
calcium may possibly be due to less complete 
tubular reabsorption of the calcium citrate 
chelation complex than of either free citrate or of 
calcium ions. In acidosis almost all citrate is 
reabsorbed by the tubules, and the chelate 
progressively dissociates into free citrate and 
calcium as tubular reabsorption proceeds. Uri- 
nary citrate may be of importance in increasing 
the solubility of calcium in alkaline urine, and 
thus reducing nephrocalcinosis or calculus for- 
mation [725]. Urinary citrate is reduced in cases 
of renal calculus [726,727] but this may partly 
be due to bacterial destruction of citrate from 
associated urinary infection [728]. There are two 
conditions in which the association of hypo- 
citricuria and nephrocalcinosis or stone for- 
mation is well established. In both renal tubular 
acidosis and after prolonged ingestion of acet- 
azoleamide [45,770] hypocitricuria occurs as a 
result of systemic acidosis and potassium deple- 
tion. In both conditions the urine is neutral or 
even alkaline, and calcium excretion is often 
high. About half the cases of renal tubular 
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acidosis are complicated by nephrocalcinosis or 
renal calculi, and this has now been reported in 
at least five cases of prolonged ingestion of 
acetazoleamide | 770}. 

Krebs [/29] first detected a-ketoglutaric acid 
in human urine, and reported an excretion rate 
of 15 to 25 mg./day. More recent estimations us- 
ing chromatographic technics [730,737] have 
given similar results. Excretion of a-ketoglutarate 
usually parallels urinary citrate in conditions of 
varying acid-base balance [772]. Urinary a-keto- 
glutarate is higher in the human female than in 
the male [737], and also shows variations similar 
to citrate during the menstrual cycle [732]. The 
excretion is greater during the day than at night 
[737], possibly due to diurnal variation in acid- 
base balance. 


SUMMARY 


1. Biological membranes are more permeable 
to the unionized fraction of some weak acids and 
bases than to the ionized component. This dif- 
ferential permeability may result in concentra- 
tion of the bases in acidic fluids and of the acids 
in alkaline fluids. No active transport system is 
involved, and no energy other than that neces- 
sary to maintain a hydrogen ion gradient is 
required. 

2. Many weak bases are concentrated into 
acid gastric juice, and some weak acids are pres- 
ent in less concentration than in plasma. Weak 
acids are therefore often absorbed from the 
stomach more rapidly than bases. 

3. The excretion of a few weak acids and bases 
is dependent on urinary pH. The clearance of the 
bases is higher in acid urine and the clearance 
of the acids is higher in alkaline urine. 

4. The quantitative aspects of the diffusion of 
weak bases and acids from plasma into gastric 
juice and urine are discussed in detail. Actual 
concentration ratios between these fluids and 
plasma are lower than the theoretical values 
calculated from a simple system in which it is 
assumed that there is complete impermeability 
to the ionized fraction, and that complete equi- 
librium is reached. It is shown that the three 
limiting factors of permeability to the ionized 
fraction, rate limitation of diffusion, and false 
reference of concentration ratios to arterial 
rather than to capillary plasma are sufficient to 
account for this discrepancy. 

5. The excretion of ammonia and other weak 
bases and acids excreted by a diffusion mecha- 
nism is discussed in detail. 
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6. The tubular reabsorption of some weak 
acids is dependent on systemic acid-base bal- 
ance and not on urinary pH. The use of carbonic 
anhydrase inhibitors in differentiation of this 
type of excretion from a diffusion mechanism is 


discussed. 
7. Present knowledge of the excretion of citric 


and a-ketoglutaric acids is reviewed. 
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Dilution and Concentration of the Urine and 
the Action of Antidiuretic Hormone’ 


Rospert W. BERLINER, M.D., NORMAN G. LEVINSKY, M.D., 
DoucLas G. Davipson, M.D. and Murray EDEN, PH.D. 


Bethesda, Maryland 


HIs review will be concerned with the renal 
involved in the formation of 
dilute and of concentrated urine. Although these 
processes represent the final steps in the regula- 
tion of the osmotic pressure of the body fluids, 
regulatory factors in the organism as a whole, 
such as the control of the secretion of antidiuretic 
hormone (ADH), will not be considered, nor 
will an attempt be made to include a compre- 
hensive review of the extensive body of informa- 
tion dealing with the osmotic pressure of urine. 
The material to be considered is that most 
pertinent to (1) an understanding of current 
views of the dilution process and the mechanism 
of action of ADH, and (2) the mechanism for 
producing a urine hypertonic to plasma. A 
hypothesis concerning the nature of the latter 
will be presented and some of its consequences 
considered. 

Recent work indicates that only two basic 
tubular mechanisms are required for the produc- 
tion from glomerular filtrate, isosmotic with 
plasma (280 to 300 mOsm./kg. H2O), of urines 
over the entire concentration range from the 
most dilute (about 50 mOsm./kg. H2O) to the 
most concentrated (about 1,000 to 1,400 in man, 
1,800 to 2,300 in the dog, up to 5,000 in the 
desert rat). These are active sodium (chloride) 
transport and variable membrane permeability, 
arranged in definite sequence along the renal 
tubule and oriented anatomically within the 
kidney as a whole. (A special role for urea in the 
production of the most concentrated urines will 
be postulated later.) 

Despite virtually total lack of information con- 
cerning the details of any active transport 
mechanism, it is apparent that such systems do 
exist and that certain solutes, particularly, for 
present purposes, sodium ions, must be moved 
against gradients of their electrochemical po- 


tential. A number of models of mechanisms 
which could conceivably effect such movement 
of solutes have been proposed and although no 
evidence for the identity of these models with 
actual events is available, they do at least 
provide hypotheses suggesting further experi- 
mental investigation. Most of these models 
involve the presence within the (renal tubular) 
cell of carrier molecules which combine reversi- 
bly with the sodium ions [7]. 

The active transport of sodium out of the 
tubular lumen readily accounts for the forma- 
tion of even maximally dilute urine, since sodium 
and its balancing anions are responsible for most 
of the osmotic pressure of the glomerular filtrate. 
However, the production of hypertonic urine 
clearly involves removal of water from the urine 
and not addition of solute to it, inasmuch as 
changes over the full range of urine concentra- 
tion may occur with only minimal changes in the 
rate of solute excretion. Furthermore, it would be 
impossible to select any particular solute as that 
which could be secreted into the urine to raise its 
osmotic pressure since the concentration of the 
urine is only to a minimal extent dependent upon 
the nature of the solute it contains. Therefore, 
suggestions as to the nature of the concentrating 
process must include a mechanism for the active 
or passive movement of water itself. 

When it comes to the possible active transport 
of water as such, the conceptual difficulties 
increase markedly. In solutions of the concentra- 
tion of mammalian body fluids there are ap- 
proximately 200 water molecules for each 
particle of solute. In order to transport water, the 
hypothetical carrier molecule, so popular in 
dealing with solute transport, would have to be 
present in much higher concentrations or turn 
over much more rapidly. Consequently the only 
type of model which has been seriously con- 
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sidered as a possibility for moving water against 
over-all osmotic gradients is the ‘‘osmotic 
diffusion pump”’ postulated by Frank and Mayer 
[2]. In essence this mechanism is assumed to 
move water across cells against an osmotic 
gradient at its surfaces by setting up within the 
cell an even steeper and opposing osmotic 
gradient. This is accomplished by the cyclic 
polymerization of small molecules at one surface 
of the cell and depolymerization at the opposite 
side of the cell. However, although this mecha- 
nism is apparently sound theoretically, Brodsky 
and Rehm have shown [3] that it is thermo- 
dynamically inadequate to account for the con- 
centrating function of the kidney if this con- 
centrating process produces urine of the observed 
hypertonicity within the tubule lumen and has in 
the peritubular fluid the osmotic pressure of the 
rest of the body fluids. Actually, although it has 
been proposed that cells do “‘pump” water as 
such [4], alternative explanations based pri- 
marily on solute transport are available in each 
instance cited in support of the concept of 
water transport. With this introduction to the 
problem of removing water to produce hyper- 
tonic urine it is clear that it would be desirable 
to seek an explanation in which the primary 
process is one of solute transport, not requiring 
the movement of water against osmotic-gradients. 

A hypothesis which meets this requirement is 
presented later in this paper. Water is presumed 
to move passively out of the tubular lumen along 
an osmotic gradient created by the active trans- 
port of sodium. Since qualitatively the same 
gradient is postulated to be present when a dilute 
urine is being excreted, water movement across 
the tubular epithelium must be restricted during 
water diuresis. This and other considerations to 
be presented indicate that the resistance to pas- 
sive water movement of given segments of 
tubular epithelium can vary widely. 

The nature of the cellular mechanisms which 
account for changes in the water permeability of 
tissues is by no means entirely clear but a large 
and varied body of evidence is available which 
indicates that it is by the control of these mecha- 
nisms that ADH exerts its characteristic effects. 
This has been demonstrated most completely in 
the case of frog and toad skin by Ussing and his 
co-workers |5—7]. It has been shown that poste- 
rior pituitary extracts increase the rate of move- 
ment of water across isolated membranes of the 
skin of frogs and toads in response to gradients 
of osmotic pressure. This increase in water 
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permeability has been represented as an increase 
in the size of the cellular channels or pores 
available for the flow of water along osmotic 
gradients. This information as to the type of 
effect to be expected from pituitary antidiuretic 
hormone, having been acquired from simpler 
systems than the kidney of intact animals, lends 
itself to more direct interpretation. However, all 
evidence now available is consonant with the 
view that the action of ADH on urine concentra- 
tion in the intact kidney is also to be explained 
wholly in terms of alteration of (tubular 
epithelial) cellular permeability to water flow. 
The direct observations available from the 
puncture of individual nephrons provide a useful 
frame of reference for understanding the rela- 
tionship of active sodium transport and variable 
membrane permeability in the diluting and con- 
centrating processes in the intact kidney. In 
reviewing the processes involved in the formation 
of dilute urine it is advantageous to begin by 
considering what is known from micropuncture 
studies in amphibians since: (1) the amphibian 
is unable to form a urine hypertonic to plasma 
and therefore the situation is not complicated 
by any possible activities of the concentrating 
process; and (2) as a result of the work of Rich- 
ards and his associates [8], there is available a 
considerable amount of information about 
where the various steps in the process occur. 
Micropuncture studies of the kidney in frogs 
have shown that a considerable part of the fluid 
is reabsorbed in the proximal convoluted tubule 
and that there is no change in the osmotic pres- 
sure in the course of this reabsorption [9]. It is 
clear from other data that this reabsorption in- 
volves primarily removal of sodium and the 
anions which balance it, since the process can 
proceed in the presence of non-reabsorbable 
solute although this requires the reduction of the 
concentrations of sodium and chloride in the 
remaining fluid well below those in the intersti- 
tial fluid outside the tubules [70,77].* As to the 


* It has occasionally been proposed that the reabsorp- 
tion of fluid from the proximal tubule may be the result 
of diffusion in response to the oncotic effect of the plasma 
proteins in the peritubular capillaries. However, so 
long as more than a minute fraction of the filtered solute 
cannot escape from the tubules, the osmotic effects of 
such solute would oppose those of the plasma protein and 
all reabsorption would cease when the osmolal concentra- 
tion of non-reabsorbable solute inside the tubules became 
equal to the osmolal concentration of the proteins outside. 
The latter concentration is of the order of only 1 or 
2 mOsm. 
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removal of water in the proximal tubule, there is 
no reason to believe that more is involved than 
diffusion of water in response to the gradient of 
osmotic pressure established by the removal of 
solute. This requires only a relatively high 
permeability of this segment to water. * 

As the fluid moves down the distal tubule— 
in the amphibian, there is no loop of Henle inter- 
posed between proximal and distal segments—it 
becomes diluted progressively by the further 
removal of sodium and its balancing anions, 
largely chloride [9]. As far as this process is 
concerned, the only necessary difference be- 
tween proximal and distal tubules is in the 
permeability to water. The high permeability 
to water in the proximal tubule must be re- 
placed by a relatively low permeability to water 
in the distal tubule in order that the osmotic 
gradient be maintained. 

To the extent that similar observations are 
available in the mammal (rat) the steps in the 
formation of a dilute urine appear to be qualita- 
tively similar to those in the amphibian. The 
original studies by Walker, Bott, Oliver and 
MacDowell [74] showed the fluid in the proximal 
tubule to be isotonic to the plasma, but these 
observations were entirely in animals producing 
hypertonic urine. However, more recent studies 
by Wirz [75] have not only confirmed these find- 
ings but showed that the fluid in the proximal 
convoluted tubule remains isotonic with plasma 
in water diuresis (at least in the first two-thirds 
of the proximal tubule which is all that is acces- 
sible for puncture from the surface in the mam- 
malian kidney). The only clear difference be- 
tween the amphibian and mammal in this 
regard, then, is the fact that a greater fraction of 
the filtered fluid is reabsorbed in the proximal 
segment. Active reabsorption of sodium salts is 
clearly established [70,77] and psssive diffusion of 
water through a highly permeable tubule the 
simplest and most reasonable assumption. 

The urine, in the mammal, then passes 


* Although it has been suggested that the outward dif- 
fusion of water may fall behind the reabsorption of 
sodium salts (at least in the mammal) and thus result in 
hypotonicity of the fluid in the proximal tubule [72,73], 
there is no evidence in the direct observations that this is 
so [74,75] nor any particular theoretical consideration 
that requires it. This assumption was originally made to 
provide a function for the thin segment of the loop of 
Henle, that of permitting final osmotic equilibrium be- 
fore the fluid entered the distal tubule. However, a more 
specialized function of the loop of Henle will be proposed. 


through the loop of Henle, a segment not present 
in the amphibian. There are no direct observa- 
tions on the course of events in the loop, although 
on other grounds there are reasons for certain 
assumptions about what happens. These will be 
considered later. However, it is clear that all or 
part of the loop must reabsorb sodium salts and 
be relatively impermeable to water, because the 
tubule fluid reappears in the first part of the 
distal convoluted tubule considerably hypotonic 
to plasma—zwhether the final urine being formed 
is dilute or concentrated |14-16|. The latter point 
will be considered further in relation to the 
mechanism for producing a concentrated urine. 
However, when dilute urine is being formed, 
the studies of Wirz indicate that the urine enters 
the distal tubule already diluted and becomes 
progressively more dilute as it passes through 
the distal tubule. There is therefore reason to 
believe that the dilution process is quite anal- 
ogous to that in the amphibian and consists of 
the removal of sodium salts in a segment that is 
relatively impermeable to water. 

Since the change from dilute urine to isotonic 
urine, whether in amphibian or mammal, is 
most simply interpreted as the dissipation of an 
osmotic gradient, this could readily be effected 
by an increase in the permeability to water of 
those segments of the tubule which are exposed 
to dilute urine. This much of the effect of ADH 
can thus be interpreted as similar to that pro- 
duced on amphibian skin and as consisting of an 
increase in the permeability of the distal tubule 
to water. Sawyer [77,78] has shown that in both 
frogs and toads the administration of ADH 
causes a rise in the concentration of the urine and 
a decrease in the urine volume by an effect not 
dependent on changes in glomerular filtration. 
These observations cannot be due to an influence 
on the mechanism by which the urine is made 
hypertonic since the mechanism is not present in 
these species. 

The picture is complicated, in the mammal, 
by the fact that the concentration of the urine 
may, particularly in the presence of ADH, con- 
tinue on up to levels well above that of plasma. 
However, it has been shown that the mechanism 
responsible for the production of hypertonicity 
operates in the absence of ADH [79,20] and it is a 
logical inference that the presence of ADH 
facilitates the formation of urine hypertonic to 
plasma by (1) modifying the character of the 
precursor fluid delivered to the site in the 
renal tubule at which the concentrating mecha- 
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nism operates, and (2) increasing the permeabil- 
ity to water of the renal tubule segment which 
separates the urine from the concentrating 
mechanism. The latter action will be discussed 
later in connection with a description of the 
nature of the concentrating process itself. 

In support of the view that ADH facilitates the 
formation of hypertonic urine by modifying the 
character of the precursor fluid delivered to 
the concentrating mechanism, there is direct 
evidence in mammals in the studies of Wirz [75] 
which have been confirmed by Gottschalk [76]. 
In animals producing hypertonic urine the fluid 
collected from the first accessible point in the 
distal tubule is hypotonic to plasma. However, 
as the fluid moves down the distal tubule the 
concentration rises, its osmotic pressure ap- 
proaching or reaching, but not exceeding, that of 
plasma. From these observations it is clear that 
(1) the process which leads to the formation of 
hypertonic urine operates at a region beyond the 
distal convoluted tubule, in the collecting system, 
as had been previously inferred from the experi- 
ments in the intact animal [27,22], and (2) that in 
the change from water diuresis to antidiuresis, 
the fluid delivered to this region changes from 
dilute to isotonic with plasma. 

Thus dilute and isotonic urine are produced 
in the mammalian kidney by processes entirely 
analogous to those found in the amphibian. 
The ability to excrete urine hypertonic to 
plasma, however, is present only in birds and 
mammals. The nature of the mechanism by 
which a hypertonic urine is produced has long 
been one of the more poorly understood aspects 
of renal function. The hypothesis to be presented 
requires no new tubular functions. It requires 
only the active sodium transport and variable 
membrane permeability already present in 
Amphibia, acting in an anatomical arrange- 
ment peculiar to birds and mammals. The 
medulla of the kidney, in these two classes, is 
composed entirely of loops and collecting ducts 
and their supporting tissues and blood supply. 
With regard to the blood supply of the mam- 
malian medulla it is important to note that it is 
composed entirely of postglomerular capillaries 
derived from the juxtamedullary glomeruli and 
that these capillaries arise from the cortex, run 
deep into the medulla, and then turn and return 
to the cortex. It is also notable that the presence 
of loops of Henle and the general organization 
characteristic of the renal medulla is limited to 
mammals and birds and that the production of 
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hypertonic urine is also, so far as is known, con- 
fined to these two vertebrate classes. 

A number of studies of the comparative anat- 
omy and physiology of the kidney in vertebrates 
have directed attention to a relation between the 
loop of Henle and the production of hypertonic 
urine. For example, Peter [23] in 1909 noted 
some correlation between the maximal urine 
specific gravity and the relative anatomical 
development of the loop of Henle among a 
number of mammalian species. Burgess, Harvey 
and Marshall [24] lent great impetus to the idea 
by experiments in which they administered 
pituitary extract to animals in the various 
vertebrate classes and observed (probably 
incorrectly) that only in birds and mammals did 
it act by increasing water reabsorption by the 
tubules. Because the loop of Henle is present 
only in birds and mammals, they concluded that 
the antidiuretic effect of pituitary extract was 
due to stimulation of water reabsorption by the 
thin limb of the loop of Henle. This conclusion 
did not receive support from the studies of 
Walker and Oliver and their associates [74] 
who found the urine which had already tra- 
versed the loop to be dilute even though the 
fully elaborated urine was hypertonic. However, 
the observations on fluid from distal segments 
in the studies of Walker et al. were limited to 
three measurements. Subsequently the studies 
of osmotic diuresis conducted by Rapoport and 
his associates [25] and by Wesson and Anslow 
[22] led to the conclusion that the last step in the 
formation of urine more concentrated than 
plasma was the removal of water from previously 
isotonic fluid. The conclusions of Wesson and 
Anslow [22] and Smith [27] that the region con- 
cerned was located in the collecting system have 
since been confirmed by the micropuncture 
studies of Wirz and Gottschalk [75,76]. It was 
difficult, therefore, to assign a role in the forma- 
tion of hypertonic urine to the loop of Henle. 

Wirz et al. [26] have proposed a mechanism for 
producing concentrated urine which resolves 
this problem and embodies several other attrac- 
tive features: (1) The loop of Henle is involved 
in the mechanism, but the actual production of 
hypertonic urine occurs in the collecting system. 
(2) The necessary active transport can be con- 
sidered to involve sodium instead of water, im- 
portant in view of the difficulties already noted 
with the presumption that water as such is 
transported by the cells of the collecting tubules 
and ducts. (3) The possible involvement of the 


4 
My 
| 
rt 
Gd 
4 ait 
if 
3 
> 
> 
4 
- 
4 
ve 


Urine and Antidiuretic Hormone—Ber/iner et al. 


ISOTONIC 
ISOTONIC POTONIC ISOTONIC ISOTONIC 
to E E 
c HYPER- A HYPER- A R 
TONIC — s TONIC Ss 
N N re) 
s N 
N 
G 
} 
—_ 
N 
° 
Enwrrmati? 
(HYPOTONIC) (HYPERTONIC) 
HYPERTONIC 
LOOP OF HENLE LOOP OF HENLE 


COLLECTING OUCT 


Fic. 1. Diagram of concentrating mechanism contrasting the present hypothesis (loop of Henle on left) with the views 
of Wirz [26] (loop of Henle on right). (Subsequent modifications of the Wirz hypothesis [75] are not illustrated.) We 
assume that the entire loop of Henle is water impermeable and transports sodium out of the tubular fluid into the 
interstitial fluid. Wirz postulated sodium transport out of the ascending limb of the loop and into the descending limb. 
In the original hypothesis, the loop was assumed to be permeable to water. The more recent finding of dilute fluid in the 
first part of the distal tubule [75] has led to the assumption that the thick segment of the ascending limb is water imper- 
meable. In both views a hypertonic medullary interstitial fluid is formed; urine in the water-permeable (ADH present) 
collecting ducts equilibrates with the interstitial fluid and becomes concentrated. Two further features of the present 
hypothesis are illustrated: (1) Some urea diffuses out of the collecting ducts and increases the maximum osmolality 
which can be attained in the interstitial fluid. (2) High sodium salt and urea concentrations in the interstitial fluid are 


maintained by a countercurrent (low effective) flow in the vascular loops. 


principle of countercurrent flow, important in a 
number of other biologic systems [27], is 
introduced. 

Before describing the process suggested by 
Wirz it is desirable to emphasize that the loop of 
Henle is more than an extended length of 
tubule interposed between proximal and distal 
convolutions. Whereas the convoluted tubules 
are confined to the cortex, the loops run down 
for varying distances into the medulla, where 
they are closely intermixed with the collecting 
ducts, then turn and return to the cortex. 

The function of the loop as visualized by Wirz 
is illustrated in Figure 1. The important process 
presumed to take place is transport of sodium 
salts from the ascending limb of the loop to the 
descending limb. This represents reabsorption of 
sodium salts from the ascending limb and secre- 
tion of sodium into the lumen in the descending 
limb. Because of the secretion of sodium salts 
into the fluid in the descending limb the con- 
centration rises progressively as the fluid ap- 
proaches the turn at the tip; having passed the 


turn, the fluid is progressively diluted, as it 
flows up the ascending limb, by the removal of 
the excess sodium salts which had been added. 
In essence, the process represents recirculation 
of excess sodium salts through the loop, and 
since the sodium salts, on the average, remain in 
this area longer than the water with which they 
enter, the osmotic pressure must be higher within 
the loop than in the fluid entering and leaving. 
The outstanding feature of this model is that 
the sodium need nowhere be transported over 
a steep gradient, since the countercurrent flow 
of fluid makes possible the multiplication (in 
the longitudinal axis) of the small gradient 
(between limbs of the loop). This represents an 
application of the multiplication principle of 
Hargitay and Kuhn [28]. Now, having estab- 
lished a high salt concentration, and thus a high 
osmotic pressure, in the lumen of the loop, one 
need provide only that the collecting ducts be 
permeable to water. Then the urine in the col- 
lecting ducts will lose water to the hypertonic 
surroundings (loops) and become concentrated. 
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However, the proposed mechanism contains 
an internal contradiction which to us seems 
insurmountable. In order for the high sodium 
concentration within the loops to be effective in 
removing water from their surroundings, the 
loop epithelium must be permeable to water. 
But if the transport of sodium from ascending to 
descending limb is to produce an increased 
sodium concentration, the loop epithelium can- 
not be permeable to water. If it were permeable 
to water, water would move passively with the 
transported sodium (as, for example, in the 
proximal tubule) and no concentration change 
could be expected. Thus permeability to water is 
required for the loop to operate upon its sur- 
roundings, but impermeability is necessary to 
establish the postulated high salt concentration. 
Consequently, this mechanism does not appear 
to be theoretically sound. 

A mechanism which incorporates the attrac- 
tive features of Wirz’s hypothesis but is funda- 
mentally much simpler may be postulated by 
modifying the proposed role of the loop. Instead 
of behaving as a countercurrent multiplier, the 
loop is viewed as a source of sodium salts and 
the fact that the loops dip deep into the medulla 
provides a means of delivering sodium salts 
deep into the medullary tissue. The essential 
steps in the formation of hypertonic urine would 
then be as follows: 

Fluid isotonic with arterial plasma, but re- 
duced in volume as a result of reabsorption in the 
proximal tubule, enters the loop of Henle. The 
loop is assumed to transport sodium salts from 
lumen to peritubular fluid as all the rest of the 
nephron is known to do.* No functional differ- 
entiation of ascending from descending limb is 
required. However, the loop epithelium is 
assumed to have a very low permeability to water 
and this permeability zs not modified by ADH. ‘Thus 
as fluid passes through the loop it becomes di- 
luted by the removal of sodium salts; hence the 


* It has been inferred from the relatively flat nature of 
the loop epithelium that the loop is unlikely to be 
involved in performing active transport work or in 
maintaining large concentration or osmotic gradients. 
However, it is generally believed that the transport mecha- 
nisms and permeability characteristics of cells reside in 
the cell membranes rather than the cytoplasm, Although 
one may question whether or not cells of such small size 
contain the metabolic machinery necessary to support the 
transport performed at its surfaces, it is to be recalled that 
the squamous epithelium of frog skin is capable of trans- 
porting sodium against a concentration ratio of more 
than 1000 to 1. The small squamous cells of fish gills are 
also known to do osmotic work [60]. 
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dilute urine in the first part of the distal con- 
voluted tubule. At the same time sodium salts 
have been left behind in excess of water in the 
interstitial fluid of the medulla. The dilute urine 
delivered to the distal tubule then loses its excess 
water through the water-permeable distal tubule 
(ADH being present) in the cortex. The urine, 
reduced in volume in the distal tubule and iso- 
tonic with arterial blood, then passes into the 
collecting system and re-enters the medulla, 
passing through the region in which the excess 
of sodium salts has been deposited by the loops. 
The collecting ducts, being permeable to water 
(in the presence of ADH), permit the escape 
of water from the urine until the osmotic pressure 
of the urine is equal to that of the surrounding 
interstitial space. 


It is clear that a process of this sort could, indeed, 
increase the osmotic pressure of the urine above that 
characteristic of the body fluids outside of the renal 
medulla itself. However, the proposed mechanism (as 
well as that of Wirz) implies that the osmotic pressure 
of the blood as it passes through this region must also 
be raised to the same level as the urine. In effect, then, 
the blood will compete with the urine for the excess 
sodium salts deposited in the region by the loops. 
While there are no measurements of the blood flow 
through this part of the kidney, the possibility must be 
conceded that it could be quite high. For instance, 
even if only 5 per cent of the total renal blood flow 
perfused the medulla this would still, in man, amount 
to some 50 to 70 ml./minute. Even if the estimate is 
reduced to 1 per cent this would still be a flow of some 
10 ml./minute and the flow of urine, some 1 to 2 ml./ 
minute, would still be in an unfavorable position to 
compete. In effect, the mechanism would be called 
upon to concentrate large volumes of blood to produce 
small volumes of concentrated urine. Its efficiency, 
then, would be severely limited. 

However, a solution to this dilemma is provided by 
the anatomical arrangement of the capillary circula- 
tion in the medulla which has all the necessary features 
of an effective countercurrent exchanger (a counter- 
current system different in nature from the counter- 
current multiplier proposed for the loop by Wirz [26]). 
The principle of the countercurrent exchanger has 
been applied to biological systems particularly by 
Scholander who has considered its role in the main- 
tenance of high oxygen tensions in the swim bladder 
of deep sea fish [29] and in the regulation of heat loss 
from the limbs of the sloth [30]. An excellent review 
of the principle and its application can be found in 
Scholander’s article in The Scientific American [27]. 

The principle is illustrated in Figure 2. Suppose an 
insulated pipe is fed with water at 30°c. at a flow rate 
of 10 ml./minute. It passes through a heat source which 
puts in 100 calories per minute. The water then leaves 
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Fic. 2. Principle of the countercurrent exchanger. A and B, 100 cal./minute raise the temperature of 10 ml./minute of 
water 10 degrees in both A (straight flow) and B (countercurrent flow). However, since the incoming water is heated 
by the outgoing water in B, the maximum temperature attained in the countercurrent system is considerably higher than 
with straight flow. The graph compares the temperature along the flow tubes in each system. C, countercurrent flow as 
applied to the capillary loop, showing that it is not necessary for the limbs of the loop to be in direct contact. In the 
hypothetical illustration given, both limbs are in contact with the same interstitial fluid, of progressively increasing con- 
centration. Sodium salts (arrows) at first enter the capillary blood, later partly return to the interstitial fluid; the final 
concentration of the blood leaving the area and the interstitial fluid depend on the various factors described in the text. 
Note the analogy between B, in which heat is recirculated, and C, in which sodium salts are similarly retained in an 


area. 


the heating unit at the side opposite to that at which 
it entered. Since 100 calories per minute are used to 
heat 10 ml. of water per minute, the temperature of 
the water leaving the heating unit will be 10 dégrees 
higher than that entering and the temperature in the 
outflow pipe will therefore be 40°c. We now introduce 
the factor of countercurrent flow by having the pipe 
emerge from the heating unit in a direction counter 
to that in which it entered, i.e., by having it double 
back upon itself. We also cause the outflow to pass in 
close proximity to the inflow so that heat may be ex- 
changed between the entering and leaving streams, 
both still being otherwise insulated from their sur- 
roundings. In this instance the heated water coming 
out encounters the cool water coming in and loses 
some of its heat to it. Thus the entering water has its 
temperature increased before it enters the heating 
unit. The temperature increase within the heating 
unit must remain the same since the flow and the heat 
added remain constant. The temperature of the water 
leaving the heating unit must therefore rise above the 
40°c. observed in the system with through and through 
flow. The process continues until a steady state is 
achieved which might give a temperature pattern 


such as that shown in Figure 2. In such a system it can 
be shown that the temperature at any point x from the 
entry of fluid is given by: 


aH 
1) % 
and 
H aH 
2) to= b+ Gt 


where t,; and t,, are the temperatures at a distance x 
from the start of the countercurrent system of the 
inflowing and outflowing fluid, respectively; to is the 
temperature of the water as it enters the system; a@ is a 
factor related to the efficiency of the heat exchange 
between inflowing and outflowing fluid, H the amount 
of heat added to the system and V the volume flow. 
(Note that if the inflowing and outflowing fluid are 
insulated from each other a becomes 0 and the equa- 
tions describe the system with through and through 
flow.) 

As another way of looking at this system, we may 
consider the flow of water as intended to cool the 
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heated box. In this case it is clear that for the same 
rate of flow, the through and through system is much 
more effective as a cooling system than the one with 
the countercurrent flow. In other words, the counter- 
current system reduces the effective flow. 

The same considerations may be applied to the 
addition of solute rather than heat, if we allow for 
diffusion of solute from outflowing to inflowing blood 
rather than heat flow. (Fig. 2.) Actually the solute 
(NaCl) need not be added directly to the fluid (blood) 
but may be considered to be added in the region 
(interstitial fluid) around and between the tubes 
(capillaries). The capillaries need not equilibrate 
directly with each other since both will tend to 
equilibrate with the same interstitial fluid. Further- 
more, although for simplicity in the model the addi- 
tion was considered to occur at the tip of the counter- 
current system, any arbitrary pattern of solute 
addition along the length of the capillary loops will 
give qualitatively similar results although the shape of 
the profile of concentration against distance will be 
modified. 

Thus the countercurrent nature of the flow of 
capillary blood in the medulla provides a way in 
which the concentration of diffusible substances 
placed in this region may be increased considerably 
above what would be expected from the flow of blood 
per se. It thus makes it possible, in a sense, to discount 
the blood flow as competitive with the urine for the 
increased osmotic pressure produced in the medulla 
by the sodium salts deposited by the loops of Henle. 


In order for the added sodium chloride to 
increase the osmotic pressure and sodium con- 
centration in the medulla it must be added with- 
out an osmotically equivalent amount of water. 
To the extent that water enters the medullary 
interstitial fluid it will tend to carry the sodium 
away and keep the concentration of sodium 
salts from rising. Since we have assumed the 
loops of Henle to be negligibly permeable to 
water, the source of such water for the medullary 
interstitial fluid would be the urine in the col- 
lecting ducts. It would therefore be expected 
that as more water per unit time is withdrawn 
from the urine in the process of raising the urine 
osmolality (as in osmotic diuresis) the concentra- 
tion of the urine finally achieved would decrease. 

Also, although the countercurrent flow re- 
duces the effective blood flow, changes in 
medullary blood flow would be expected to have 
major effects on the urine concentration since 
as indicated in equations 1 and 2 the concentra- 
tion (temperature in equations 1 and 2) achieved 
would be, all other factors remaining constant, 
inversely proportional to the square of the blood 
flow. 
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The direction and magnitude of the effect of these 
various factors on the concentration achieved may be 
indicated as: 


1 * 
Uoam = F (Pom, AT a, x) 


where Uo. is the osmolality of the urine, 

Posm is the osmolality of the arterial plasma, 

= Traci — Ti20Posm, 

Thaci is the net transport of sodium salts by the loops 
of Henle (in osmols at the concentration achieved in 
the medulla), 

Ti.0 is the volume of water contributed by the urine 
as it passes through the medulla, 

@ is a factor related to the effectiveness with which in- 
flowing and outflowing blood equilibrate with their 
surroundings and to the length of the counter-cur- 
rent system, 

V is the volume of blood flow through the medulla 
and the exponent n is a number (probably a 
variable) between 1 and 2, approaching 2 if the rate 
of net sodium transport by the loops of Henle is 
independent of the interstitial sodium concentration 
and falling toward 1 if the rate of net sodium trans- 
port is strongly dependent on the gradient from 
inside the lumen of the loops of Henle to the inter- 
stitial fluid. 


A possibly specific position of urea in the 
concentrating process warrants discussion before 
turning to a consideration of the extent to which 
the hypothesis is in accord with the many ob- 
servations related to the formation of concen- 
trated urine. That a countercurrent multiplier 
system might be involved in the development of 
high urine urea concentrations has been sug- 
gested by Schmidt-Nielsen [37]. However, the 
proposed mechanism was one involving the 
active transport of urea by the renal tubules. The 
following considerations provide a mechanism 
by which the high urea concentrations could be 
achieved without active transport of urea; 
furthermore, the process outlined here assigns a 
unique position to urea in that it provides that 
the urea in the urine can add to the osmotic 
pressure of the urine without being balanced by 
an osmotically equivalent amount of sodium 
chloride in the medullary interstitial fluid. f 

As is well known, the urea clearance varies 
with the urine flow so that the fraction of the 
filtered urea excreted in the urine may range 


* Disregarding a series of similar factors for other dif- 
fusible substances to which the collecting ducts may be 


permeable (e.g., uréa). 
+t We are indebted to Dr. Edward T. Dunham for first 
calling our attention to this possibility. 
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from some 30 per cent under ordinary conditions 
of antidiuresis to some 70 to 80 per cent in water 
diuresis. Selecting a figure for purposes of illus- 
tration, we may assume that in antidiuresis some 
50 per cent of the filtered urea remains in the 
fluid reaching the end of the distal tubule. At 
this point the volume of fluid has been reduced 
to something of the order of 2 per cent of 
the glomerular filtrate. Since 50 per cent of 
the filtered urea is contained in 2 per cent of the 
filtered volume the urea concentration of the 
fluid entering the collecting system would be 
about twenty-five times that in the blood. Now if 
it is assumed that in the presence of ADH the 
collecting ducts are permeable to urea as well as 
water, circumstances are suitable for the col- 
lecting ducts to feed urea.continuously to the 
medullary interstitial space. As urea diffuses into 
the medullary interstitial space, the concentra- 
tion of urea in this area rises to considerable 
levels because, as in the case with the sodium 
salts contributed by the loop, (1) the blood flow 
is low or (2) the countercurrent flow of blood 
keeps low the effective blood flow with respect 
to urea, a highly diffusible substance. At the 
same time continued diffusion of urea from col- 
lecting duct to interstitium is maintained by the 
diffusion of water from collecting duct to hyper- 
tonic (NaCl) interstitial fluid. Thus, in the 
steady state, the urine in the collecting ducts, 
by contributing a fraction of the urea with which 
it entered, can maintain a high urea concentra- 
tion in the peritubular fluid and this urea may 
then balance the osmotic effects of a major 
fraction of the urinary urea. To the extent that 
this is the case, then, the sodium chloride in the 
interstitial space is required to balance the 
osmotic effects of only the solutes other than 
urea plus that fraction of the urinary urea not 
balanced by urea in the interstitial space. 

- To this point, the hypothetical mechanism for 
concentrating the urine has been considered 
largely without reference to the many observa- 
tions made in the past upon which the develop- 
ment of the hypothesis is based and which must 
be in accord with prediction if the hypothesis has 
validity. 

A high concentration of sodium salts in the 
medullary interstitial fluid is a central require- 
ment for the operation of the mechanism. The 
existence of high chloride concentrations in this 
area has been known from observations extend- 
ing back for many years [32-34], and the finding 


has been repeatedly confirmed. More recently it 
has been found that the concentration of sodium 
is also high [35-37], in general slightly higher 
than that of chloride [36]. The more recent 
studies have been based upon determination of 
the sodium and chloride content of slices of renal 
medulla and papilla and have shown that the 
concentrations of these ions may, in the de- 
hydrated dog, be as great as 350 and 325 
mEq./L., respectively [36]. Since the concentra- 
tions are referred to the total water of the tissue, 
it is clear that the concentrations may be con- 
siderably higher in those fluids which actually 
contain the major part of the salt. In any case the 
urine makes a negligible contribution to the 
total, not only because in the dehydrated animal 
the volume of urine in the region is probably 
quite small, but because the sodium and chloride 
concentrations in the urine have generally been 
well below those of peripheral plasma when the 
studies were performed. 

It has not been possible to obtain medullary 
interstitial fluid for direct analysis, but two types 
of studies by Wirz and his associates indicate 
that this fluid must have a high osmotic pressure. 
Wirz, Hargitay and Kuhn [26] found that the 
melting points of the fluids in all the medullary 
structures were more or less the same at any 
particular depth in the medulla but that the 
melting points indicated progressively rising 
osmotic pressures as the sections were obtained 
closer and closer to the papilla. In addition 
Wirz [38] obtained minute samples of blood from 
surface venous capillaries of the papilla in 
hamsters and found these to have essentially the 
same freezing point (osmotic pressure) as the 
hypertonic urine obtained simultaneously. 

A number of workers have concluded that the 
cells of the renal medulla have osmotic pressures 
greater than that of other body cells because 
slices of renal medulla gain weight when im- 
mersed in solutions considerably more con- 
centrated than plasma and even several times as 
concentrated as those which prevent similar 
swelling of kidney cortex [35,39,40]. The basis of 
the swelling of cortical slices is disputed and it is 
at least questionable as to whether or not valid 
conclusions concerning the osmotic pressure 
of tissues can be drawn from such observations 
[47,42]. The case of renal medulla is even more 
confused since, in our experience, freshly pre- 
pared slices of medulla swell even in sucrose 
solutions considerably hypertonic to the con- 
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centrated urine being produced [36]. Thus 
the question of the osmotic pressure of the cells 
of the medulla must, at this time, be considered 
open. However, there can be no question from 
the observations on the high salt concentrations 
in the area as well as the freezing point observa- 
tions of Wirz et al. [26] that the osmotic pressure 
of the region as a whole is high. 

As to the concentration of the fluid within the 
loop of Henle, the hypothesis presented here 
would require that it be more dilute than plasma. 
Actually in their melting point studies Wirz, 
Hargitay and Kuhn [26] found the contents of 
the loops to melt at the same time (temperature) 
as the fluid in other structures in the same sec- 
tions. This would be in accord with the predic- 
tions of the Wirz hypothesis, but not with the 
modification under consideration here. How- 
ever, the possibility of changes in the distribu- 
tion of osmotic pressures due to diffusion within 
the tissue slices during the freezing and melting 
processes must be conceded [43]. 

The present hypothesis accounts for the dilute 
character of the urine in the first part of the 
distal convoluted tubule [74-76]; the unmodified 
Wirz hypothesis does not, although more 
recently Wirz has interpreted this finding as due 
to removal of salt without water in the thick 
portion of the ascending limb [75]. 

Aside from changes in tubule permeability 
(ADH) and the concentration of the fluid reach- 
ing the collecting system, three factors which 
should have marked effects on the ability of the 
kidney to produce concentrated urine are: 
(1) the amount of sodium reaching and trans- 
ported by the loop; (2) the amount of water lost 
from the urine as it passes through the collecting 
ducts (Ty,9), and (3) the medullary blood 
flow. 

Regarding the amount of sodium reaching 
and transported by the loop, there is no direct 
information. Marked reductions of glomerular 
filtration rate might be expected to limit the 
delivery of sodium salts to this segment and 
reductions of glomerular filtration rate in excess 
of 30 to 35 per cent have been shown to produce 
marked impairment of concentrating capacity 
in the kidney of dogs when one kidney is com- 
pared to its undisturbed control [36]. 

Numerous observations in osmotic diuresis are 
in accord with the prediction that as the urine 
loses more and more water in the concentrating 
process, the concentration achieved becomes 
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lower and lower [70,77,22,25,44].* It has not 
been possible to show that this is due to attain- 
ment of a maximal rate of performance of 
osmotic work [45] nor has the removal of a 
stable, fixed maximal amount of water by the 
concentrating process been convincingly shown 
[46,47]. 

To the extent that the usual assumptions 
about osmotic diuresis are correct* the present 
hypothesis would require that the urine con- 
centration approach that of plasma as an 
asymptote and that simultaneously the water 
yielded to the concentrating mechanism (Tyo) 
would approach, as an asymptote, the volume 
which, in isotonic solution, would contain the 
sodium deposited in the medullary region by the 
loop. No sharp break in the curves relating urine 
concentration and urine flow to solute excretion 
would be expected and no true maximum value 
of Ty... would be achieved. At the low end of 
the scale of solute excretion one would expect 
that each reduction of solute excretion would 
yield some further increase in urine concentra- 
tion, although if the sodium transport by the 
loop were much affected by the gradient against 
which the sodium is transported, the further 
increase in concentration might be small. In the 
dehydrated dog excreting very concentrated 
urine (circ. 2,000 mOsm./kg. H2O) and with a 
spontaneously low rate of solute excretion, 
further increases in concentration occur when 
solute excretion is further reduced by slight 
(10 to 25 per cent) reductions of glomerular 
filtration rate [36]. tT 

Inferences concerning the effect of changing 
the blood flow to the renal medulla are par- 
ticularly difficult to draw because there is at 
present no method for measuring the flow to 
this region of the kidney; actually there is no 
basis for even estimating the order of magnitude 
of this flow. It is possible that the failure of the 
hydrated subject given ADH to form urine 
as concentrated as can be produced by the 
spontaneously dehydrated subject [48,49] may 
be due to higher blood flows in the hydrated 


* The calculation of water lost from the urine in all of 
these studies is based on the assumptions that (1) the 
urine reaching the concentrating mechanism is isotonic 
to plasma, and (2) that only water and no solute is lost 
once the concentrating process has begun. Although 
reasonable approximations, these assumptions are proba- 
bly not strictly valid. 

tT A factor of reduced medullary blood flow cannot be 
excluded in such experiments. 
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state; certainly, the total renal blood flow is 
increased by hydration. Similar considerations 
may apply to the impairment of urine concentra- 
tion in the pyrogenic reaction [50] in which renal 
blood flow is markedly increased. However, 
there is no evidence that changes in medullary 
blood flow parallel modifications of total renal 
blood flow. 

That urine can be made more concentrated 
when urea is the major solute than when other 
solutes are excreted was first suggested by 
Gamble et al. [57]. Although the experiments 
from which this conclusion was drawn were 
open to criticism on the basis that the water 
intake of the experimental animals was not 
restricted, more recent observations suggest that 
the conclusion is, nevertheless, correct. De- 
hydrated subjects on low protein diets were 
found by Epstein et al. [52] to produce urine 
less concentrated than when they were on high 
protein diets and the administration of urea 
restored maximum urine osmolality to that 
obtained with a high protein intake. Similar 
observations have been made in animals. 

High urea concentrations in the renal medulla 
have been observed by Ullrich et al. [53] who 
reported the urea concentration of the water of 
the renal medulla of dehydrated dogs to reach 
the same level as is found in the urine. The pres- 
ence of high urea concentrations in the medulla 
has been confirmed [36,54] although experience 
in this laboratory would indicate that the con- 
centration of urea in the water of medulla or 
papilla is always appreciably (20 to 30 per cent) 
lower than in the urine. These findings clearly 
indicate that there is a high urea concentration 
in the tissue and that the major fraction is not 
in the urine contained in the slice, but is probably 
in interstitial fluid, blood and, presumably, cells. 
The urea concentrations have suggested to 
Schmidt-Nielsen [37] the possibility of a counter- 
current mechanism although the fact that the 
concentration is, on the whole, lower than that 
in urine is compatible with the view, presented 
herein, that the urine is the source of the urea in 
this region. As Schmidt-Nielsen has pointed out 
[37], the large amount of urea contained in the 
medulla and papilla may provide an explanation 
for the observations of Shannon on the effects of 
changing urine flows on urea excretion [55]. 
The elevation of urea clearance above the steady 
state value when urine flow is rising may be due 
to emptying out of the accumulations in the 
medulla. 


Since sodium transport and relative water 
impermeability in the loop of Henle are as- 
sumed to be independent of the presence or 
absence of ADH, the present hypothesis sug- 
gests that the high sodium concentration in the 
medullary interstitial fluid characteristic of anti- 
diuresis will also be present during water 
diuresis. The medulla presumably contains a 
relatively large volume of dilute urine in water 
diuresis and a small volume of urine of somewhat 
greater sodium concentration during maximum 
antidiuresis. It therefore does not seem valid to 
compare the sodium concentration of medullary 
tissue slices in different states of diuresis on the 
basis of microequivalents per milliliter of total 
tissue water, as Ullrich et al. [35] have done. 
Recalculated on the basis of microequivalents 
per gram of dry tissue weight their data, as well 
as observations in this laboratory [36], indicate 
that the amount of sodium in the medulla in water 
diuresis is 80 per cent or more of the amount 
found in maximum antidiuresis. The basic 
mechanism for the production of hypertonic 
urine, a high concentration of sodium salts in the 
medulla, is thus probably present even in water 
diuresis. 

The present hypothesis is in accord with recent 
studies [79,20] which indicate that the concen- 
trating mechanism functions in the absence of 
ADH. However, the work of Berliner and David- 
son [20] indicates that the mechanism functions 
with reduced efficiency when ADH is absent. 
These studies were based on the hypothesis that 
urinary dilution is attributable to removal of 
sodium salts in the distal portions of the nephron 
and that the mechanism for producing hyper- 
tonic urine operates whether ADH is present or 
not. If these assumptions were correct, then 
reduction of the amount of sodium filtered might 
so reduce the amount delivered to the distal 
segment as to markedly limit the extent to 
which the urine could, even in the absence of 
ADH, be diluted. At the same time because of 
marked reduction of flow in the distal segment, 
even the limited permeability to water character- 
istic of the absence of ADH might be sufficient to 
permit escape from the tubule of a major part of 
the water rendered solute free by the removal of 
sodium salts. As a result a small volume of only 
slightly diluted urine would be delivered to the 
concentrating segment. Then if the concentrat- 
ing mechanism operated even with reduced 
efficiency in the absence of ADH, it might be 
able to effect the removal of enough water to 
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render the urine hypertonic. To exclude any 
participation of ADH in the process, the experi- 
ments were made on dogs undergoing a maximal 
water diuresis and one kidney continued in this 
diuretic state while the experimental manipula- 
tion, consisting of reduction of the glomerular 
filtration rate by inflation of a cuff previously 
placed on the renal artery, was carried out on the 
other kidney. It was found that all reductions of 
the glomerular filtration rate reduced the extent 
that the urine could be diluted and that when 
filtration was sufficiently reduced urine hyper- 
tonic to plasma was regularly obtained. The 
conclusion that the mechanism for producing 
hypertonic urine is not dependent upon ADH 
is certainly warranted. However, careful con- 
sideration of the data leads to the further infer- 
ence that the effect of ADH on the over-all 
process of forming urine hypertonic to plasma is 
probably not limited to modifying the character 
of the urine delivered to the concentrating 
mechanism. Urines more concentrated than 
plasma by margins far beyond experimental 
error were regularly obtained, but the observed 
concentrations were never greater than 475 and 
usually less than 400 mOsm./kg. H2O. (Plasma 
osmolality in these experiments was usually 
about 270 mOsm./kg. H2:O.) These concentra- 
tions are far lower than the kidney in dogs is 
capable of producing (1,800 to 2,300 mOsm./ 
kg. H.O) even taking into account that the 
hydrated animal is unable to form a urine as 
concentrated as the dehydrated animal [48,49] 
and that constriction of the renal artery in the 
dehydrated dog, under certain conditions, de- 
creases the maximum concentration of the urine 
produced [36,56]. On the other hand, if one were 
to assume that the mechanism producing a 
concentrated urine was able to remove from the 
precursor fluid only a fixed limited amount of 
water, this too would be an inadequate explana- 
tion for the limited concentration observed. The 
amount of water required to restore the observed 
urine to isotonicity (so-called Th,9 [22]) was 
rarely above 0.2 ml./minute and never over 
0.3 ml./minute. In the intact animal given 
ADH this figure may rise to 5 ml./minute. Even 
allowing for the fact that the concentrating 
mechanism may, in the experiments of Berliner 
and Davidson, have had to remove water to 
bring the urine up to isotonicity before going on 
to higher concentrations, values approaching 
the magnitude of the normal should have at least 
occasionally been observed. The limited effi- 
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ciency of the concentrating mechanism in the 
absence of ADH is most reasonably explained 
by the assumption that ADH increases the 
permeability to water of the collecting system as 
well as the distal convoluted tubule. 

While ADH does directly promote the excre- 
tion of a maximally concentrated urine in this 
manner, by far the most important effect in the 
mammal from the quantitative point of view is 
exerted in the distal convoluted tubule. The in- 
creased permeability to water in this segment 
produced by ADH prevents the excretion of 
dilute urine, i.e., promotes the excretion of 
isotonic urine. The relative quantitative impor- 
tance of these two effects can be illustrated in a 
person excreting enough solute to require the 
excretion of 2 L. of isotonic urine in twenty-four 
hours. If he were to undergo maximal water 
diuresis for this period he would excrete ap- 
proximately 20 L. of urine. Therefore, if ADH 
were to effect a rise in urine concentration only 
to isotonicity with the plasma some 18 L. of 
water would be conserved. If, on the other hand, 
the same solute were to be excreted in a maxi- 
mally concentrated urine, the volume would 
be reduced to about 500 ml, a further saving of 
about 1.5 L. Clearly the water saved in not put- 
ting out a dilute urine is quantitatively much 
more important than that conserved in forming 
a concentrated urine. 

To simplify presentation of the renal mecha- 
nisms involved in dilution and concentration of 
the urine, attention has been focused on the 
formation of maximally dilute and maximally 
concentrated urine. Obviously, these are only 
the limits of the continuum of urine concentra- 
tions achieved by the kidney, and renal func- 
tion is not to be conceived purely in terms of 
extreme cases or ‘“‘all-or-none” changes. For 
example, events in the distal convoluted tubule 
have been described in terms of the movement 
of a volume of hypotonic fluid through a seg- 
ment of variable permeability. It should be 
emphasized that neither the volume nor the 
tonicity of the fluid is fixed, and that the per- 
meability of the tubule may vary over a consider- 
able range. Even in the absence of ADH, it is 
unlikely that movement of water across the 
tubular membranes is completely restricted [57]. 
Studies with exogenous vasopressin [58,59] indi- 
cate that the permeability of the distal segment 
increases in a graded fashion with increasing 
levels of ADH. Whether or not any given degree 
of permeability is adequate to permit complete 
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Fic. 3. Summary of renal tubular processes involved in the concentration and dilution of the urine. Water-permeable 
segments of the nephron are drawn with light lines, impermeable segments with heavy lines. The arrows indicate only 
the direction and location of sodium salt, urea and water movement; the number of arrows has no quantitative signifi- 
cance. This diagram is fully described in the last paragraph of the text. 


osmotic equilibration of the tubular contents 
with the interstitial fluid depends on the amount 
of water movement required to achieve iso- 
tonicity, the osmotic gradient present, and the 
time available for equilibration. Thus a degree of 
ADH-induced permeability sufficient for com- 
plete equilibration when the solute load is low 
may not suffice in the face of increased solute 
(volume) inflow when the amount of water to be 
reabsorbed is greater and the transit time and 
osmotic gradient in the distal tubule are re- 
duced [59]. 

With the reservation implicit that only the 
limits of the wide range of a physiologic function 
are described, the basic tubular events in the 
dilution and concentration of the urine in the 
mammalian kidney are summarized in Figure 3. 
Regardless of the tonicity of the urine being 
formed, the events are qualitatively the same up 
to the distal convoluted tubule. The glomerular 
filtrate is isosmotic with plasma. Active sodium 
(chloride) reabsorption in the water-permeable 
proximal convoluted segment results in reduc- 
tion in volume, but no change in the osmotic 
pressure of the tubular fluid. Active sodium 
transport out of the water-impermeable loop of 
Henle, a medullary structure, dilutes the tubular 
contents and creates hypertonicity of the medul- 


lary interstitial fluid. In the absence of ADH 
(water diuresis), the distal convoluted tubule 
and collecting ducts are relatively impermeable 
to water. The hypotonicity of the tubular fluid 
issuing from the loop of Henle is therefore 
maintained, and somewhat enhanced by sodium 
reabsorption in the distal segment; a dilute urine 
is passed. When sufficient ADH is present, the 
distal tubule and collecting ducts become rela- 
tively water permeable. The hypotonicity of the 
fluid which enters the distal convoluted tubule 
is dissipated as water flows along the osmotic 
gradient into the cortical interstitial fluid. The 
greatly reduced volume of isosmotic fluid then 
re-enters the medulla via the collecting ducts. 
The ducts permit the escape of water from the 
tubular fluid until the osmotic pressure of the 
urine equals that of the surrounding hypertonic 
medullary interstitial fluid. A fraction of the 
urine urea passes across the collecting ducts into 
the interstitial fluid, where it is concentrated 
because of the low (effective) medullary blood 
flow. Thus the hypertonicity of the interstitial 
fluid is enhanced and maximum urine concentra- 
tion is achieved. 
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Some Reflections on Mechanisms of 
Action of Diuretics 


RosertT F. Pitts, M.p. 
New York, New York 


which increase the volume flow of urine. 
Such a definition is inadequate both for the 
clinician concerned with their use and for the 
physiologist concerned with their mode of action. 
A more useful and mechanistically precise 
definition is that diuretics are agents which 
promote the urinary excretion of sodium and 
either chloride or bicarbonate, i.e., those ions 
which are largely restricted to and which con- 
stitute the major ionic components of the extra- 
cellular fluid. Secondarily, water is excreted in 
proportional amounts, reducing extracellular 
fluid volume and body weight. This definition 
properly emphasizes the facts that the excretion 
of ions is primary, that these ions are drawn from 
extracellular rather than cellular stores and that 
increased urine volume and loss of body weight 
are proportional to and the osmotic conse- 
quences of loss of ions. Diuretics, as we know 
them today, are useful only in the treatment of 
edema and ascites. They have no place in the 
treatment of acute renal failure or of the uremia 
of chronic renal disease. 

In edema and ascites, altered metabolism of 
fluid and electrolyte results in two major abnor- 
malities of body composition. First, extracellular 
stores of sodium and water are increased, the 
major fraction accumulating in the tissue inter- 
stices and serous cavities, the minor fraction 
expanding the circulating blood volume [7,2]. 
Second, sodium replaces potassium within cells 
to a limited extent [3]. Therefore total body 
sodium increases even more than does total body 
water. Both abnormalities of body composition 
focus ones attention on what is now generally 
conceded to be the primary event, namely 
expansion of body sodium stores [4-7]. Second- 
arily, fluid is retained. In congestive heart 


are commonly defined as agents 


failure, retention of fluid and electrolyte must 
ultimately be assigned to circulatory inadequacy; 
in cirrhosis, to increased portal pressure; and in 
nephrosis, to renal damage. However, in all 
instances the immediate cause of sodium and 
water retention is altered renal function. 

It is a truism to describe this alteration in 
renal function as one of glomerulotubular im- 
balance characterized by tubular preponder- 
ance. A reduction in glomerular filtration rate 
without a proportional reduction in tubular 
reabsorptive activity must lead to retention of 
sodium and water. Conversely an increase in 
tubular reabsorptive activity without a propor- 
tional increase in glomerular filtration rate must 
likewise lead to retention of sodium and water. 
Few would dispute these general statements. 
However, the relative significance of reduced 
filtration rate and enhanced tubular reabsorp- 
tion, as well as the nature of the mechanisms 
responsible for each, are subjects of debate. 
Actually both factors must play roles of es- 
sentially equal importance. Glomerular filtra- 
tion rate is frequently [8,9] although not always 
[70,17| reduced in the edematous patient in 
comparison with the normal. However, whether 
reduced in absolute terms or not, filtration rate is 
certainly reduced relative to reabsorptive activ- 
ity. Similarly, tubular reabsorptive activity, 
whether increased in absolute terms [72-74] 
or not, is certainly increased relative to filtration 
rate. When considering glomerulotubular bal- 
ance, normal is strictly a relative term. Relative 
or absolute reduction in filtration rate no doubt 
results from constriction of afferent glomerular 
arterioles but whether hormonally or neurally 
induced is uncertain. Relative or absolute 
enhancement of tubular reabsorptive capacity 
probably results mainly from excess secretion of 


* From the Department of Physiology, Cornell University Medical College, New York, New York. The work referred 
to herein from the laboratory of the author and his associates has been generously supported by the National. Heart 
Institute, National Institutes of Health and the Life Insurance Medical Research Fund. 


MAY, 1958 


4 
“CHS 
> 

Fe 
Ag 
= 
* 
f 

4 

745 


746 Mechanisms of Action of Diuretics—Pitis 


the salt retaining hormone, aldosterone [75]. 
Stimulation of sodium reabsorption by sympa- 
thetic nerve impulses [76] and by elevated renal 
venous pressure [77], and stimulation of fluid 
reabsorption by excessive secretion of anti- 
diuretic hormone [78] play subsidiary roles in the 


TABLE I 
A CLASSIFICATION OF DIURETICS 


A. Physiological Diuretics 
i. Diuretics which increase the filtered load of sodium 
and/or chloride ions 
a. Colloids: albumin, P.V.P., etc. 
b. Cardiac stimulants: digitalis glycosides 
c. Vasodilators of afferent glomerular arterioles: 
theophylline 
d. Acidifying agents: NH,Cl, CaCl, 
2. Diuretics which more or less specifically antagonize 
over-reabsorption of sodium and/or chloride ions 
. Aldosterone anti-secretory agents: amphenones 
. Antialdosterone steroids 
c. Agents which increase velocity of tubular flow in 
the most distal part of the nephron: water 
d. Agents which introduce a limiting ion gradient: 
urea, mannitol etc. 
B. Pharmacological Diuretics 
1. Diuretics which specifically inhibit transport 
mechanisms for sodium and/or chloride ions 
a. Xanthines: theophylline 
b. Aminouracils: aminoisometridine 
c. Mercurial diuretics: meralluride, mersalyl, etc. 
d. Chlorothiazide 
2. Diuretics which interfere with hydrogen for sodium 
exchange 
a. Potassium salts: KCl, KHCOs, etc. 
b. Sulfonamides: acetazoleamide, chlorothiazide, 
etc, 


pathogenesis of edema, if indeed they are of any 
import. 

Ideal therapy of edema and ascites would con- 
sist of control of the primary and initiating dis- 
ease process. Within limits, bed rest and weight 
reduction in congestive failure, dietary manage- 
ment of cirrhosis and steroid therapy of the 
nephrotic syndrome exert their favorable effects 
in this manner. What are designated in Table 1 
as physiological diuretics include those agents 
which reverse the alterations in renal function 
leading to fluid and electrolyte retention. They 
restore glomerulotubular balance, either by 
elevating the depressed glomerular filtration rate 
toward normal or by more or less specifically 
counteracting the enhanced tubular reabsorp- 
tion induced by excessive secretion of aldoster- 
one. On the other hand the pharmacological 
diuretics listed in Table 1 are agents which 
restore glomerulotubular balance by inhibiting 


specific transport mechanisms for sodium. With 
the exception of the digitalis glycosides * which 
play an important role in the management of the 
patient in congestive heart failure, the physio- 
logical diuretics exhibit a low order of activity. 
Those of demonstrated clinical efficacy are all 
included in the category of pharmacological 
diuretics. Many will object that the classification 
of Table 1 is forced. It is included mainly to 
emphasize the fact that there are a variety of 
approaches to diuretic therapy other than those 
currently most in vogue. 

The problem of writing a limited review of 
diuretics is great: the subject is broad, the litera- 
ture extensive, and a number of authors have 
competently treated the subject during the past 
few years [79-23]. I have therefore elected to 
write a selective review, considering largely 
mechanisms of action, and treating most exten- 
sively those subjects of greatest personal interest 
without regard to their immediate significance in 
diuretic therapy. 


ANTIALDOSTERONES AS DIURETIC AGENTS 


A stimulating approach and one which may 
point the way to diuretic therapy of the future 
is the observation by Hertz [24] that certain com- 
pounds, the amphenones, depress the secretion 
of aldosterone by the adrenal glands. Renold et 
al. [25] have shown that exhibition of one of these 
drugs to a patient with a metastasizing adrenal 
carcinoma led to cessation of urinary excretion 
of aldosterone and to a brisk diuresis of salt and 
water. Unfortunately, the toxicity of these drugs 
is such as to discourage their use even as investi- 
gative tools. Were less toxic compounds devel- 
oped, they might prove to be clinically effective 
diuretics. A related approach is that of Kagawa 
[26] who maintains that certain synthetic 
steroids, 3-(3-oxo-173-hydroxy-4-androsten-17a- 
al) propionic acid a-lactone (SC-5233) and its 
19-nor analogue (SC-8109) act as natriuretic 
agents in normal animals but not in adrenal- 
ectomized animals and antagonize the action of 
desoxycorticosterone with respect both to sodium 
conservation and potassium loss. Liddle [27] has 
shown that SC-5233 induces a modest natriuresis 
in patients in congestive failure and an even 
more pronounced sodium loss in patients with 


* The digitalis glycosides may act as diuretics in three 
ways: increase filtration rate, lower renal venous pressure, 
and partially inhibit the renal tubular transport of 
sodium. 
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Addison’s disease who are maintained on desoxy- 
corticosterone. Presumably these synthetic ster- 
oids compete with aldosterone and displace it 
from receptor sites in tubular cells where it 
stimulates sodium reabsorption. Could more 
potent analogues be synthesized, they might also 
prove to be clinically effective diuretics. These 
approaches to diuretic therapy are at present ina 
strictly experimental stage of development. 


CARBONIC ANHYDRASE INHIBITORS AS DIURETICS 


Carbonic anhydrase, first described by Rough- 
ton [28] in the erythrocyte, greatly accelerates 
the attainment of equilibrium in the reaction 
CO, + H.0 = H2CO;. The further dissocia- 
tion of carbonic acid to form H* and HCO;— 
ions is essentially instantaneous and unin- 
fluenced by the enzyme. Carbonic anhydrase is a 
metalloprotein enzyme containing zinc [29], 
with a molecular weight of about 30,000 [30]. 
Mann and Keilin [37] showed that its activity is 
strongly and specifically inhibited by sul- 
fanilamide and other N’ unsubstituted sul- 
fonamides. This, coupled with the observation 
of Davenport and Wilhelmi [32] that the enzyme 
is highly concentrated in the renal cortex, paved 
the way for an explanation of the metabolic 
acidosis which had earlier been observed to 
result from the administration of sulfanilamide. 
Héber [33] first suggested that renal carbonic 
anhydrase is in some way involved in the 
tubular reabsorption of bicarbonate and that 
sulfanilamide, by inhibiting the enzyme, causes 
the excretion of an alkaline urine and leads to the 
development of a metabolic acidosis. 

At this time two views were held as to the 
nature of the mechanism for acidifying the urine, 
both based on the premise that the acid, ulti- 
mately excreted as free titratable acid, gained 
access to the urine in the glomerular filtrate. 
According to one view, dibasic phosphate is 
preferentially reabsorbed from the tubular 
fluid, leaving monobasic phosphate to be ex- 
creted as titratable acid [34]. According to the 
other view, bicarbonate is preferentially re- 
absorbed, leaving carbonic acid to react with 
and to convert other buffer salts into titratable 
acid in the urine [35]. 

In 1945 Pitts and Alexander [36] demonstrated 
that acidotic dogs provided with large amounts 
of buffer in the form of phosphate or creatinine 
excreted far more hydrogen ion than was present 
in the glomerular filtrate. They concluded that a 
cellular mechanism must add acid to the glo- 
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merular filtrate as it passes through the renal 
tubules and suggested that the mechanism 
exchanges hydrogen ions, formed within tubular 
cells by the dissociation of carbonic acid, for 
sodium ions present in the tubular urine. Since 
the kidneys of a dog can produce titratable acid 
over short intervals at a rate of 6,000 cc. of 
N/10 acid per day, a bountiful source of H* ions 
must be available. They postulated that the role 
of renal carbonic anhydrase was to hydrate 
carbon dioxide to carbonic acid within the 
acidifying cells of the distal tubule and that this 
acid supplies hydrogen ions to the exchange 
mechanism. In confirmation of this thesis they 
noted that the inhibitor of carbonic anhydrase, 
sulfanilamide, markedly depressed the excre- 
tion of titratable acid. 

Subsequently Pitts and Lotspeich [37] noted 
that sulfanilamide blocked a fraction of the re- 
absorption of bicarbonate and assigned this 
fraction to the distal tubule, pointing out that 
the exchange of hydrogen ions for the sodium 
ions of a solution containing bicarbonate would 
convert it to carbonic acid. Subsequent dehy- 
dration of the carbonic acid to COz and water, 
and back diffusion of the CO: into the renal 
venous blood would, in effect, be equivalent to 
the reabsorption of bicarbonate. Roughly one- 
fifth of bicarbonate reabsorption was presumed 
to occur in the distal segment by this mechanism; 
four-fifths was thought to occur in the proximal 
segment by a specific transport mechanism for 


bicarbonate ion. This view is now known to be 


erroneous; all bicarbonate is probably reab- 
sorbed by ion exchange, but the demonstration 
of this fact by Berliner [38] awaited the develop- 
ment of carbonic anhydrase inhibitors more 
effective than sulfanilamide. However, the fact 
remains that the proximal and distal mechanisms 
for bicarbonate reabsorption, although basically 
ion exchange in character and dependent on 
carbonic anhydrase are, at least in some respects, 
dissimilar, a question which will be considered 
in more detail later. 

It now became apparent to Schwartz [39] 
that sulfanilamide might have potentialities as a 
diuretic. A study on patients in congestive failure 
demonstrated natriuresis, loss of weight, and 
incidentally a pronounced excretion of potas- 
sium. It was on the basis of these observations 
that Roblin and Clapp [40] synthesized a series of 
highly active heterocyclic sulfonamide inhibitors 
of carbonic anhydrase, including acetazoleam- 
ide, in the hope of finding an orally effective 
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diuretic. The important functional component of 


NH, 
| 


O S 
NH C—N—CH 
NH: 
sulfanilamide acetazoleamide 


sulfanilamide and acetazoleamide is the un- 
substituted sulfonamide radical. Figure 1 illus- 
trates the concept of Roblin [47] that enzyme 


CARBONIC ACID INHIBITOR 


R NHo RSO>NHR' 
ACTIVE INACTIVE INACTIVE 


Fic. 1. Concept of Dr. R. O. Roblin of the mechanism of 
action of carbonic anhydrase inhibitors based on steric 
similarities between carbonic acid and the unsubstituted 
sulfonamy] group. (From Spracue, J. M. Chemistry of 
diuretic agents. Proc. New York Acad. Sc. [95).) 


inhibition results from steric similarities which 


cause the sulfonamide radical to bind to active 
sites, displacing carbonic acid. 

Maren [42] has described the diuretic effects 
of acetazoleamide in normal dogs. When the 
drug is given in small doses of 5 to 10 mg. per kg. 
it promptly alkalinizes the urine. The excretion 
of sodium, potassium and bicarbonate are in- 
creased. The duration of action is relatively 
short and during the remainder of the day the 
losses of ions are made up from dietary intake. 
Under such conditions the drug exerts a con- 
stant action from day to day. However, if dosage 
is increased and especially if multiple doses are 
administered, initial ion losses are greater and, 
after a period, the animal becomes refractory to 
the drug. 

Reduction in diuretic efficacy no doubt de- 
pends on a number of factors. One of the major 
ones, however, is the depletion of the bicarbonate 
stores of the body, i.e., the development of 
metabolic acidosis [20]. When the plasma bi- 
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carbonate is reduced, the filtered load decreases. 
Less bicarbonate is presented to the renal tubules 
for reabsorption and the demands on _ the 
mechanism for exchange of hydrogen ions for 
sodium ions are reduced. Therefore, even though 
the enzymatic production of carbonic acid is 
reduced, the uncatalyzed rate of formation may 
be adequate to supply the needed hydrogen ions 
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Fic. 2. Stop-flow localization of the action of acetazole- 
amide in inhibiting acidification of the urine, ammonia 
secretion and bicarbonate reabsorption and in stimulat- 
ing potassium secretion in the dog. (From Pirts, R. F., 
Gurp, R. S., Kesster, R. H. and Hrernouzer, K. 
Localization of acidification of urine, potassium and 
ammonia secretion and phosphate reabsorption in the 
nephron of the dog. Am. J. Physiol. [44].) 
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to the exchange mechanism. A second factor 
that reduces diuretic efficacy is the decrease in 
filtration rate which occurs in response to deple- 
tion of extracellular fluid volume [20]. A third 
factor may be stimulation of adrenal cortical 
activity through a receptor mechanism sensitive 
to extracellular fluid volume. A fourth may well 
be hypokalemia which is known to stimulate the 
distal tubular mechanism of acidification and 
ammonia secretion. 

If one neglects the depression of filtration rate 
which commonly results when large doses of 
acetozoleamide are given intravenously, all 
actions of the drug can be explained in terms of a 
specific depression of the mechanism for ex- 
change of hydrogen ions for sodium ions. This 
action, exerted on the proximal tubule, de- 
presses reabsorption of bicarbonate. Exerted on 
the distal tubule, it further depresses bicarbonate 
reabsorption and prevents acidification of the 
urine. Since the urine becomes alkaline, the 
distal secretion of ammonia is reduced [43]. The 
mechanism for hydrogen and sodium exchange 
is also concerned with potassium and sodium 
exchange [38]. The over-all activity of this joint 
mechanism in reabsorbing sodium is only mod- 
erately affected by acetazoleamide. However, 
blocking of hydrogen transfer by carbonic 
anhydrase inhibitors facilitates potassium ex- 
change, and exhibition of such drugs in large 
doses frequently causes net pctassium secretion. 
Acetazoleamide has no significant actions on 
other renal transport mechanisms [20]. 

Sites of Action of Acetazoleamide. Figure 2 illus- 
trates both the nature and the localization of 
these actions of acetazoleamide [44]. The data in 
Figure 2 were derived from an experiment on a 
dog, utilizing the ‘‘stop-flow”’ method of analysis 
of tubular function devised by Malvin, Sullivan 
and Wilde [45]. Briefly the method employed fol- 
lows. One ureter was catheterized through a flank 
incision and an osmotic diuresis was initiated by 
the infusion of 20 per cent mannitol containing 
creatinine and p-aminohippurate. When the 
urine flow from the one kidney attained a value 
of 8 to 10 cc. per minute, the ureteral catheter 
was clamped for a period of four minutes. One 
minute before the clamp was released, inulin 
was given intravenously. The clamp was released 
and some thirty odd samples of urine were 
collected over the succeeding two minutes, each 
some 0.7 cc. in volume. The reasoning behind 
this experimental technic is the following. Dur- 
ing the clamp-time, pressure builds up rapidly 
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within the tubular system and filtration ceases. 
An essentially static column of fluid remains in 
contact with the tubular epithelium. During this 
prolonged period of contact, the tubular epi- 
thelium performs in exaggerated degree those 
operations on the static column of fluid which it 
normally performs on the moving column. When 
the clamp is released, fluid under pressure is 
ejected forcibly, the first samples coming from 
more distal parts of the nephron and later sam- 
ples from more proximal parts. The final samples 
contain increasing amounts of inulin, a substance 
which serves to mark the time of appearance and 
to quantify the admixture of fresh glomerular 
filtrate. 

The U/P ratio of creatinine shown at the 
bottom of the chart gives an indication of water 
reabsorption. Dividing the U/P ratios of potas- 
sium, sodium and p-aminohippurate by the 
U/P ratio of creatinine corrects each for water 
reabsorption. Such ratios of U/P ratios have the 
connotation of clearances of the substances in 
question divided by filtration rate. Thus if the 
U/P ratio for potassium divided by the U/P ratio 
for creatinine is greater than 1.0, potassium must 
have been added by tubular secretion. If the 
ratio is less than 1.0, then potassium must have 
been reabsorbed. 

Figure 2 summarizes data obtained in two 
experiments on the same kidney of one dog, the 
control experiment performed first, and the 
acetazoleamide experiment immediately after. 
Data designated U;_; on the right and U4_¢ on 
the left of the diagram were obtained in con- 
ventional clearance periods immediately preced- 
ing and following the four minute clamping 
period. 

It is evident in the control experiment (circles) 
that the reaction of the urine drops in the distal 
nephron to pH 5.0 from an average value of 
roughly 8.0* in the proximal segmentf and in 
the clearance controls. The region of maximum 
acidification is obviously that of maximum 
secretion of ammonia and potassium. It is also 
the locus of development of the maximum 


* Since it was impossible in the experimental system 
employed to prevent loss of COs, all specimens were 
equilibrated with air prior to measurement of pH. This 
exaggerates pH difference for it causes those samples 
which contain bicarbonate (proximal) to become more 
alkaline, whereas those with negligible bicarbonate 
(distal) do not change their reaction. 

t The specimens in which the ratio U/Ppan/U/Per is 
maximum are presumably derived from the proximal 
part of the nephron. 
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transtubular gradient for sodium. Following 
acetazoleamide (triangles), acidification of the 
urine is blocked, as is the secretion of ammonia. 
In contrast, the secretion of potassium is mark- 
edly enhanced while distal sodium reabsorption 
is essentially unchanged. This experiment 


TUBULAR URINE PROXIMAL TUBULE CELL PERITUBULAR FLUID 
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Fic. 3. Concept of a proximal tubular ion pump which 
would actively transport sodium ions and which would 
passively exchange hydrogen ions; i.e., the mechanism 
which, in effect, reabsorbs bicarbonate in the proximal 
tubule. See text for details of operation and for assump- 
tions upon which the concept is based. 


graphically portrays the reciprocal relationship 
between the exchange of hydrogen and potas- 
sium for sodium and emphasizes the fact that 
acetazoleamide, by inhibiting distal hydrogen 
transport, facilitates potassium transport. The 
higher values for U/Pys/U/Pe, in the proximal 
specimens after administration of diamox® 
suggests that a small fraction of proximal sodium 
reabsorption is inhibited, i.e., that fraction asso- 
ciated with the unreabsorbed bicarbonate ion. 
Role of Carbonic Anhydrase. Any satisfactory 
understanding of the action of carbonic an- 
hydrase inhibitors as diuretics must be based on 
an appreciation of the role which the enzyme 
plays in the transport mechanism. Acidification 
of the urine bears a superficial resemblance to 
gastric acid secretion in that hydrogen ions are 
transferred from extracellular fluid, where they 
are present at low electrochemical potential, to 
urine or gastric juice where they are present at 
high electrochemical potential. Some have in- 
ferred that the transport mechanisms are 
basically similar and have assigned to carbonic 
anhydrase a role equivalent to that envisioned 
for it in gastric secretion, namely that of provi- 
sion of a weak acid to neutralize the hydroxyl 


ions remaining in the cell in consequence of 
the active extrusion of hydrogen ions [4,47]. 
According to this view the active secretion of 
hydrogen ions is the important element in acidi- 
fication of the urine [20,27]. For a number of 
reasons I disagree with this concept. The gastric 
secretory mechanism is directed toward the pro- 
duction of a strong acid (HCl) in high concen- 
tration (0.170N) to provide an optimum medium 
for gastric digestive processes. The proximal 
mechanism for bicarbonate reabsorption and the 
distal mechanism for acidification are directed 
toward the salvage of sodium from the tubular 
urine. Since hydrogen ions are potentially 
available in unlimited supply, they are substi- 
tuted in the urine for the valuable sodium ions. 
Acidification of the urine and reabsorption of 
bicarbonate are secondary to the salvage of 
sodium and are not ends in themselves. The 
gastric secretory mechanism can establish a 
hydrogen ion gradient between gastric juice 
and blood in excess of 1,000,000: 1. The proximal 
tubular mechanism for reabsorption of bicar- 
bonate can establish no measurable gradient at 
all, i.e., the proximal urine is isohydric with 
blood plasma [48]. The distal acidifying mecha- 
nism can at best establish a gradient of 800: 1, i.e., 
urine pH 4.6, plasma pH 7.4. It is my view that 
in both systems the inward transport of sodium 
across the tubule is the primary and active 
event. In the proximal system the reverse migra- 
tion of hydrogen ions is passive, i.e., downhill 
along an electrochemical gradient. In the distal 
tubule a similar mechanism may be operative 
but it appears more likely that the outward 
transport of either hydrogen or potassium is 
linked to the inward transport of sodium by a 
coupled pump arrangement much like that 
envisioned in nerve [49]. In both proximal and 
distal systems the hydrogen ion concentration of 
the cell contents varies as a function of the 
activity of carbonic anhydrase and the pCO: of 
the body fluids [50-52]. Carbonic anhydrase is 
probably concerned with the provision of hydro- 
gen ions to the exchange mechanisms, not with 
the mopping up of hydroxy] ions left in excess in 
the cell in consequence of the active secretion of 
hydrogen ions. 

Nature of the Proximal Exchange Mechanism. 
Certain key facts are significant in developing a 
theory of proximal reabsorption of bicarbonate. 
The volume of glomerular filtrate is reduced to 
about one-sixth as it flows along the proximal 
segment [53]. The pH [48] and the sodium ion 
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concentration [54,55] do not change appreciably 
in the proximal segment. Therefore sodium and 
bicarbonate are reabsorbed in equivalent quanti- 
ties and in proportion to water; hence no ionic 
concentration gradients of any magnitude are 
established. The transcellular potential varies 
between 60 and 90 mv. with the interior of the 
cell negative. In Figure 3 the value has been 
indicated as 81 mv. because of certain arithmetic 
simplifications which this figure allows in the 
calculations.* The average transtubular poten- 
tial is 20 mv. with the tubular lumen negative 
to the peritubular fluid [56]. There exists, there- 
fore, a net potential difference between interior 
of cell and lumen of 61 mv. The lumenal mem- 
brane of the cell is obviously permeable to 
sodium and chloride but let us assume that it is 
impermeable to bicarbonate. Let us further 
assume that the transcellular potential of 81 mv. 
is developed in consequence of the active extru- 
sion of sodium from the cell into the peritubular 
fluid. If for any reason the net flux of sodium 
into the cell from the tubular urine exceeds the 
net flux of chloride, the potential difference 
between lumen and cell will be less than that 
between peritubular fluid and cell. This is, in 
fact, our view of the origin of the transtubular 
potential of 20 mv. This origin is implicit in the 
simplified diagram at the bottom of Figure 3. If 
the peritubular membrane of the cell is per- 
meable to bicarbonate, that which is formed 
within the cell by the hydration of carbon 
dioxide will diffuse outward along an electrical: 
gradient to establish an equilibrium concentra- 
tion ratio of roughly 1:21 between cell contents 
and peritubular fluid. If the pCO, within the 
cell is essentially the same as that of the peri- 
tubular fluid, the pH of the cell contents will 
be roughly 6.1, i.e., the hydrogen ion concentra- 
tion will be twenty-one times that of the plasma 
or tubular urine. The net electrical gradient of 
61 mv. across the lumenal membrane is so 
oriented as to oppose the diffusion of hydrogen 
ions from cell to lumen. Were the cell pH 6.4, 
no net passive transfer of H+ ions between tubu- 


* The calculation of concentrations which follow are 
based on the simplified Nernst equation: 


= 61+ log 
2 


Choosing a value of 81 mv. as the transcellular poten- 
tial difference establishes a lumen to cell potential differ- 
ence of 61 mv. At 37°c. this corresponds to a 10:1 con- 
centration difference for an ion passively distributed by 
electrochemical forces. 
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lar cells and lumen would occur. However, if 
the pH were as low as 6.1, as predicted, the 
concentration gradient would favor passive 
diffusion of hydrogen ions from cell to lumen. 

A more simple way to view the situation is to 
consider the tubular epithelium as a single 


TUBULAR URINE ODISTALTUBULE CELL PERITUBULAR FLUID 


pH:4.6 pH= 7.4 
Na* Na* Na’ 
K* 
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Fic. 4. Concept of a distal tubular coupled ion pump 
which would reabsorb sodium ions in exchange for hydro- 
gen ions or for potassium ions. See text for details and 
assumptions. 


membrane separating tubular lumen and peri- 
tubular fluid. The active transport of sodium in 
excess of the passive transport of chloride estab- 
lishes the observed potential difference of 20 mv. 
between lumen and peritubular fluid. The 
orientation of the potential is such as to favor 
passive diffusion of hydrogen ions from peri- 
tubular fluid to tubular urine along an electrical 
gradient. In any event there is no necessity to 
postulate a complicated redox mechanism to 
elevate the electrochemical potential of hydrogen 
ions to the fantastic heights required in gastric 
secretion [46,47]. 

A few simple considerations cast some doubt 
on the likelihood that passive transport of hydro- 
gen ions can account for distal acidification of 
the urine. The ability to develop even the modest 
hydrogen ion gradient of 800:1 would demand 
a transtubular potential difference of about 
150 mv., a value far in excess of any experi- 
mentally measured in the kidney [56,57]. * This 
fact suggests that the transport of hydrogen ions 
may be coupled with that of sodium ions in 
such a way as to cause them to migrate against 
an appreciable electrochemical gradient, as 
shown in Figure 4. The well established competi- 
tion between hydrogen ions and potassium ions 
for the distal exchange mechanism likewise sug- 
gests a coupled carrier mechanism. Obviously 
the affinity of the carrier for hydrogen ions must 


* Giebisch has, however, pointed out that the trans- 
tubular potential is greater for the distal tubule than for 
the proximal tubule. 
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far exceed its affinity for potassium ions, for the 
relative concentrations of these two ions species 
in the cell are so different. To explain competi- 
tion, were either or both ions passively trans- 
ported, would be extremely difficult. The role of 
carbonic anhydrase is, according to this view, 
essentially the same in the distal and in the 
proximal exchange mechanism, namely the 
provision of adequate quantities of hydrogen 
ions, at the relatively low electrochemical poten- 
tial represented by the pCOz of the body fluids, 
to the exchange mechanism. Inhibition of 
carbonic anhydrase raises cell pH, blocks proxi- 
mal bicarbonate reabsorption and favors potas- 
sium transport by the distal mechanism. The 
factor of coupled transport renders the distal 
mechanism somewhat less sensitive both to 
carbonic anhydrase inhibitors and to pCO, than 
the proximal mechanism [50,58]. Another factor 
favoring a coupled transport mechanism located 
specifically in the lumenal membrane of the cell 
is the fact that the acidifying region of the distal 
tubule can establish high transtubular sodium 
and chloride ion gradients, i.e., concentrations of 
only 1 or 2 mEq./L. in tubular urine. 

The descriptions of the proximal mechanism of 
bicarbonate reabsorption and of the distal 
mechanism of urine acidification presented 
above must be considered only as reasonable 
speculations. Although the transtubular poten- 
tial differences are in the same range grossly 
in the mammalian [57] and amphibian [56] 
kidneys, it has not been demonstrated that the 
PH of the tubular urine undergoes no change in 
the proximal segment of the mammal. 


ORGANIC MERCURIAL COMPOUNDS AS DIURETICS 


Although calomel was employed as a diuretic 
at least as early as the fifteenth century, the first 
use of an organic compound of mercury in the 
treatment of edema dates only to 1920 [79]. The 
organic mercurials as a group are by all odds the 
most effective of the diuretic agents presently 
available and constitute the standard with 
which other diuretics are compared. 

Basic Actions of Mercurial Diuretics. For a 
decade after their introduction the organic 
mercurial diuretics were thought to exert their 
action by mobilizing salt and water in the tissues 
[79]. Bartram’s [59] demonstration in 1932 of a 
renal action remains today a classic of simple and 
direct scientific proof. A minute dose of a mer- 
curial diuretic introduced into one renal artery 
caused a prolonged increase in urine flow in that 


kidney only. A large dose caused renal shut down 
on the side injected and diuresis in the opposite 
kidney. These simple experiments demonstrated 
three fundamental facts concerning the action 
of mercurial diuretics: (1) they act directly 
on the kidneys; (2) they are fixed in renal tissue 
and exert a prolonged diuretic effect; and (3) in 
high concentration they are toxic and cause 
renal damage. 

A summary of a rather sophisticated modifica- 
tion [60] of Bartram’s experiment is presented in 
Figure 5. The two ureters of an anesthetized dog 
were separately catheterized and the animal was 
infused with creatinine to permit measurement of 
glomerular filtration rate. Following two control 
periods, shown at the left of the chart, a small 
dose of chlormerodrin was injected into the left 
renal artery. After a delay of ten minutes a brisk 
diuresis of sodium and water occurred which was 
restricted to the left kidney for some sixty to 
seventy-five minutes. This diuresis occurred 
without change in filtration rate. It must, 
therefore, have resulted from inhibition of 
tubular reabsorption of fluid and electrolyte. 
Uptake of the diuretic by the left kidney was 
not complete; some obviously escaped into the 
general circulation. This accounts for the ac- 
cumulation of some of the diuretic in the right 
renal cortex, for its excretion in the urine formed 
by the right kidney, and for the delayed diuresis 
which gradually developed on the right side. 

The Question of Blockade of Reabsorption of 
Sodium or Chloride. It has been thoroughly 
established [79] that the major and therapeuti- 
cally desired action of mercurials is partial 
blockade of tubular reabsorption of sodium and 
chloride ions. A fair amount of attention has 
been devoted to the questions: do mercurials 
block chloride or sodium reabsorption primarily? 
If, as many claim, chloride reabsorption is 
specifically blocked, is natriuresis merely a 
consequence of the necessity for the excretion of 
equal numbers of cations and anions? Most 
would answer these questions in the affirmative 
for the following reasons. In mercurial! diuresis 
the rate of excretion of chloride is commonly 
greater than that of sodium, the sodium deficit 
being made up by potassium and ammonia. 
With repeated courses of mercurials, loss of body 
chloride in excess of sodium leads to the develop- 
ment of a hypochloremic metabolic alkalosis. If 
the plasma chloride concentration drops below 
90 to 95 mEq./L. and if the plasma bicarbonate 
concentration rises above 30 to 35 mEq./L., 
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Fic. 5. Unilateral diuresis in the dog produced by the slow injection of 5 mg. Hg as chlormerodrin into the left - 


renal artery. 


mercurial diuretics become ineffective. If proper 
chloride levels are restored by the administra- 
tion of ammonium chloride, responsiveness to 
mercurials returns. If hyperchloremic acidosis 
is induced, the diuretic activity of mercurials is 
markedly enhanced. 

Strangely, these observations do not prove the 
primacy of blockade of chloride reabsorption. 
As Berliner [67] has pointed out, they are com- 
patible with primary blockade of sodium reab- 
sorption in the proximal tubule. If less sodium 
is reabsorbed proximally, more sodium and 
hence more chloride will be delivered into the 
distal tubule. If the mechanisms for exchange of 
hydrogen, potassium and ammonia for sodium 
are stimulated, as they appear to be in edematous 
patients, less sodium than chloride will be 
excreted and the sodium deficit of the urine will 
be made up largely by potassium and ammonia. 
If, as may well be true, sodium transport is 
active and chloride transport passive, blockade 
of sodium reabsorption by mercurials would be 
expected. However, there is really no evidence 
either for or against an independent active 
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transport mechanism for chloride. If one exists, 
mercurials could inhibit it. I am inclined now, 
although not previously [62], to the view that 
sodium reabsorption is active, chloride reabsorp- 
tion passive. 

Effects on Water Reabsorption. It seems fairly 
certain that increased urine volume following 
mercurial diuretics is the osmotic consequence 
of inhibition of reabsorption of ions and is not 
due to any direct interference with the mecha- 
nism which transports water against an osmotic 
gradient; i.e., mercurials do not block the 
mechanism for concentrating the urine, they 
merely render it less effective by increasing the 
osmotic load of salt in the urine. Thus Brodsky et 
al. [63] have observed identical urine flow—urinary 
osmotic load relationships in hydropenic dogs 
infused with hypertonic mannitol or given mer- 
curial diuretics. Capps et al. [64] have noted that 
in maximally hydrated subjects, given mercurial 
diuretics, urine osmolarity increases and urine 
flow decreases when they are infused with anti- 
diuretic hormone, much as in control subjects. 
The renal mechanism which responds to endog- 
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enous or exogenous antidiuretic hormone seems 
unaffected by mercurial diuretics. 

Site of Action within the Nephron. The site of 
action of mercurial diuretics within the nephron 
has long been a matter of controversy. It seems 
evident that mercurials can block only a fraction 
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Fic. 6. Stop-flow localization of the diuretic action of 
chlormerodrin in the dog. (From Kessier, R. H., Am. J. 
Physiol. [73).) 


of the total tubular reabsorption of sodium and 
chloride ions [65]. The magnitude of the mer- 
cury-sensitive fraction is debatable but probably 
ranges between 15 and 30 per cent of the total. 
Does this mean that the sodium and chloride 
reabsorption of a specific portion of the tubule 
is blocked by mercurials, or does it mean that a 


specific fraction of sodium and chloride reab- 
sorption distributed along the renal tubule is 
inhibited by mercury? One might paraphrase 
the second alternative in these terms: Is there 
one basic mechanism for sodium and chloride 
reabsorption and does it derive its energy from 
several types of enzymatic reaction, only one of 
which is sensitive to mercurials? It is unlikely 
that we will have a definitive answer to these 
questions until the sodium and chloride transport 
mechanisms are more precisely characterized. 

One line of approach has been the study of 
pathological lesions in the renal tubules follow- 
ing the administration of inorganic or organic 
mercurial compounds. When minimal necrotiz- 
ing doses are administered, the proximal tubule 
alone, and more specifically the distal portion 
of the proximal segment, shows evidence of 
pathological change [7/9]. However, the ad- 
ministration of large necrotizing doses of mercury 
damage all segments of the nephron. One must 
remember that even with the administration of 
minimal necrotizing doses one is dealing with 
alterations in cell structure which may be un- 
related to the alterations in cell function induced 
by therapeutic doses. 

One of the most characteristic reactions of 
inorganic salts of mercury and of those organic 
compounds with one free mercury valence is the 
formation of mercaptides with sulfhydryl groups. 
It is a reasonable although unproved inference 
to assign the diuretic properties of mercurials to 
their ability to inhibit sulfhydryl enzymes by 
forming inactive mercaptide complexes. Wach- 
stein and Meisel, and others [66,67] have noted 
that the activity of succinoxidase, demonstrable 
histochemically by the neotetrazolium reaction, 
is inhibited by the prior administration to rats of 
mercurial diuretics in very large dosage (10 to 
30 mg. Hg per kg. body weight). The inhibition 
is most pronounced in the third or “‘straight’’ 
position of the proximal segment. Unfortunately, 
doses equivalent to therapeutic doses in man 
have no demonstrable effect on succinoxidase 
activity of the kidney in rats. Therefore, in- 
hibition of succinoxidase seems to have more 
pathological than functional significance. Caf- 
runy et al. [68], using quantitative methods for 
histochemical identification of protein-bound 
sulfhydryl groups in sections of kidney, have 
observed a reduction in concentration in the 
proximal tubules, loops of Henle and collecting 
ducts following the administration of therapeutic 
doses of mercurials. 
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In man it is claimed that mercurial diuretics 
given in therapeutic doses reduce the reabsorp- 
tive Tm for glucose [69] and the secretory Tm 
for p-aminohippurate [70,77]. Since both func- 
tions are presumed to be localized in the proxi- 
mal segment of the renal tubule, these findings 
have been advanced as evidence that mercurials 
block salt reabsorption in this same segment. 
Unfortunately for this thesis, neither glucose 
Tm [72] nor p-aminohippurate Tm [77] of the 
dog is reduced by mercurial diuretics. 

It has been pointed out that mercurial 
diuretics do not interfere with acidification of 
the urine or with ammonia secretion [79]. Since 
both functions are presumed to be resident in 
the distal tubules, the inference has been drawn 
that mercurials could not exert their character- 
istic blockade of sodium reabsorption at this site. 
The dangers of such derived arguments are high- 
lighted by the fact that mercurials do inhibit 
potassium secretion [38], a function no less sure 
in its distal localization than ammonia and acid 
secretion. Clearance observations have been 
variously interpreted as indicating proximal 
blockade and distal blockade of salt reabsorp- 
tion, the validity of the evidence in either 
instance depending solely on the validity of the 
assumptions [79]. 

Recent studies of Kessler et al. [73] on the dog, 
utilizing the “stop-flow’ technic of Malvin, 
Sullivan and Wilde [45] described earlier in con- 
nection with the action of acetazoleamide, have 
provided more objective evidence as to the 
site of action of mercurial diuretics. Figure 6 
summarizes data obtained in two of their experi- 
ments, one a control (circles), the other following 
a dose of 1.0 mg. Hg per kg. body weight as 
chlormerodrin (neohydrin®). The chlormerodrin 
experiment was performed at the peak of the 
diuresis. The locus of maximum secretion of 
p-aminohippurate is considered to be proximal; 
the locus of maximum creatinine U/P ratio is 
considered to be distal. It is obvious that the 
major site of inhibition of sodium reabsorption is 
the proximal tubule. The activity of the distal 
mechanism, which can reduce urinary sodium 
essentially to zero, seems but little affected by 
the diuretic. It is interesting and significant that 
chlormerodrin is secreted by the proximal tubule 
(U/Py,/U/Pc;, = 3.0) and that maximal mer- 
cury secretion and maximal blockade of sodium 
reabsorption are coextensive within the nephron. 
It is possible that concentration of the diuretic in 
the proximal segment in the course of secretory 
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transport of mercury is a factor of importance in 
inhibition of salt reabsorption in those same 
proximal! tubular cells. Of some twelve organic 
compounds of mercury studied by Kessler et al. 
[74], all five which were diuretics were actively 
secreted by the renal tubules. Six of the seven 
which were devoid of diuretic properties were 
not secreted. One, p-chloromercuribenzoate, 
was not a diuretic, yet was actively secreted and 
reasonably well concentrated in the renal cortex 
in the process of secretory transport. This 
exception suggests caution in attaching too much 
significance to correlation of tubular transport 
and diuretic activity. ; 
Nature of the Diuretic Process. it is a reasonable 
but unproved assumption thai mercurial diu- 
retics exert their characteristic actions by 
forming inactive mercaptide complexes with 
sulfhydryl enzymes vital to salt transport 
across the renal tubule. Such enzymes might 
be the direct carriers of ions or might 
be necessary for the provision of energy to 
the transport machinery. All diuretics have at 
least one potentially free valence of mercury, 1.e., 
a structure ~Hg—C—R. Mercury compounds 
of the structure R—C—-Hg—C—R have no 
diuretic properties. These latter compounds do 
not react with sulfhydryl enzymes; the former 
do. The affinity of the renal sulfhydryl enzymes 
for the free valence of mercury is greater than 
that of monothiols such as cysteine or gluta- 
thione but less than that of dithiols such as BAL. 
This statement derives from the fact that mer- 
curials complexed with monothiols retain their 
diuretic properties [75]; those complexed with 
dithiols do not [76]. The following equation, 


Enzyme—SH + +*Hg—C—R = 
Enzyme—S—Hg—C—R 


implies that a reversible reaction . between 
enzyme and diuretic results in an inactive com- 
plex. Dithiopropanol almost instantaneously 
blocks diuresis by complexing the mercurial 
and restoring the integrity of sulfhydryl groups. 


Enzyme—S—Hg—C—R + 
HO—CH: 


Enzyme—S—H + R—C—Hg—SCHg2 
HS—C—H 
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The diuretics in common use today are rapidly 
excreted in the urine, some 50 per cent of an 
intravenous dose being eliminated in two hours 
by the dog. Weiner and Miiller [77] have shown 
that most of the diuretic is eliminated as the 
parent compound complexed with cysteine or 


Mercuric Cysteine 


MG. MERCURY PER: KG. 


Fic. 7. Experiments illustrating marked potentiation of 
the diuretic action of meralluride by acidosis and little 
effect on that of mercuric cysteine. The data also illus- 
trate the much greater diuretic activity of the ionizing 
compound, mercuric cysteine. (From Levy, R. L., 
Weer, I. M. and Mupce, G. H. [84] and Mupeg, G. H. 
Mechanism of action of mercurial and xanthine diuretics. 
Proc. New York Acad. Sc. [22].) 


acetylcysteine. Since the affinity of renal enzymes 
for the diuretic exceeds that of monothiols, some 
source of energy must be available to split the 
enzyme complex and secrete the diuretic. 


Enzyme—S—Hg—C—R + 
Ener 
HS—CH.CHNH.COOH 


Enzyme SH + 
R—C—Hg—S—CH:—CHNH:COOH 


Sollman et al. [78] some years ago postulated 
that organic compounds of mercury are diuretics 
by virtue of the fact that they decompose in the 
body to liberate mercuric ion. This view has 
been revived recently by Mudge and his col- 
leagues [22,79] as a means of explaining the 
potentiation of the diuretic activity of organic 
mercurials by ammonium chloride. Mudge 
maintains that all organic mercurials which are 
diuretics are more or less labile and that lability 
is increased in acid solution. Inhibition of diure- 
sis in metabolic alkalosis and enhancement of 
diuresis in metabolic acidosis is presumed to 
result from variable breakdown of a non-diuretic 
parent molecule into diuretic mercuric ion. 


In view of Weiner and Miiller’s results [77], it is 
necessary to postulate that only a minute frac- 
tion of the large quantity of diuretic taken up by 
the kidney [80,87] and concentrated in the renal 
cortex [82,83] is concerned with diuresis. Mudge 
et al., in support of their thesis, have shown that 


/ / 

‘C-C-C 
Hg-O Hg 


Mudge et al. Kessler. et al. 


Fic. 8. Concepts of the mechanism of action of mercurial 
diuretics. On the left, a concept based on the view that 
inorganic mercuric ion is the diuretic substance. On the 
right, a concept based on the view that the parent mole- 
cule has diuretic properties. 


the diuretic efficacy of meralluride is markedly 
affected by experimental alterations in acid- 
base balance whereas that of mercuric cysteine 
(a readily ionizable compound) is not. Figure 7 
summarizes the views of Mudge et al. [84]. 
Diuretic efficacy is expressed on the ordinate as 
excess chloride excreted in a three hour period 
following an intravenous dose of the drug. The 
dose is plotted on the abscissa. They interpret 
these results as follows. Meralluride is rela- 
tively ineffective as a diuretic in metabolic 
alkalosis because it is stable in alkaline solution. 
Its activity is greatly enhanced in metabolic 
acidosis because of its acid lability. Mercuric 
cysteine is considerably more active under all 
conditions at far lower dose levels for all of it is 
potentially available as mercuric ion. 

This attractive thesis cannot, however, be 
accepted in its entirety in the light of present 
knowledge. The infusion of acetazoleamide 
[62,85] or of potassium chloride [85], procedures 
which alkalinize the urine and presumably 
elevate the pH of tubular cells concerned with 
hydrogen ion exchange, does not alter the 
response to mersalyl and chlormerodrin. The 
induction of a marked extracellular and intra- 
cellular acidosis by the inhalation of 12 per cent 
carbon djoxide does not potentiate the action of 
mersalyl [62] or chlormerodrin [85]. Others have 
not found the response to inorganic mercuric ion 
to be so independent of acid-base changes as 
has Mudge. Finally, if inhibition of sulfhydryl 
enzymes is of significance in mercurial diuresis, 
it is not immediately apparent why compounds 
of the character *Hg—C—R could not block 
them as well in vivo as in vitro [74]. According to 
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Mudge, divalent mercuric ion may be necessary 
to block two adjacent active sites, one a sulf- 
hydryl group, the other an amino or carboxyl 
group. (Fig. 8.) 

A somewhat different view has been outlined 
by Kessler, Lozano and Pitts [74] who suggested 
from their studies of a limited series of organic 
compounds of mercury that steric configuration 
of the parent molecule might be of significance. 
They proposed that for the diuretic to form a 
stable and inactive complex with the renal 
enzyme a terminal atom of mercury must be 
separated by three carbons or by an equivalent 
distance from a hydrophilic group. (Fig. 8.) 
Although they recognized certain exceptions 
which have subsequently been expanded by 
Mudge [22], they proposed this thesis as a work- 
ing hypothesis. It is interesting that p-chloro- 
mercuri benzoate, methyl mercuric chloride 
and phenyl mercuric chloride, all potent in- 
hibitors of sulfhydryl enzymes in vitro, are not 
diuretics. To avoid belaboring the point, it 
seems best to reserve for the future a decision as 
to whether the parent molecule is diuretically 
active or whether decomposition to mercuric ion 
is required. 

Distribution and Excretion of Mercurial Diuretics. 
Mersalyl, meralluride and chlormerodrin disap- 
pear rapidly from the blood stream following 
intravenous injection [80,86]. Three major 
exponential rates determine the regression of 
plasma concentration: the most rapid one is 
dominated by mixing in the vascular compart- 
ment; the intermediate one, by diffusion into and 
binding by the tissues; and the slowest one, by 
renal excretion. The kidney, and more specifi- 
cally the renal cortex, binds the mercurials more 
avidly than any other tissues [82,83]. BAL re- 
duces renal binding and increases diffusion into 
other tissues [80,82]. Excretion of the organic 
mercurials is rapid in the dog [74,80] and in 
man and very slow in the rat [82]. Because of 
extensive plasma binding, little of the diuretic 
enters the glomerular filtrate [74,80]; essentially 
all of it is eliminated by tubular secretion, com- 
plexed with cysteine or acetyl cysteine. In com- 
parison with the organic diuretics, mercuric 
chloride is excreted more slowly and the diuresis 
which it induces is more gradual in onset [87]. 
Otherwise its behavior in the body is much like 
that of the organic compounds. 

A most interesting property of organic as well 
as inorganic compounds of mercury is their 
great affinity for and concentration in renal 
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cortical tissue. They are highly concentrated in 
the kidney of the dog [83], rat [82], man [87], 
chicken, turtle, frog, necturus and fresh water 
fish [88] and in both glomerular and aglomerular 
marine teleosts [89]. Even the marine worm, 
Phascolosoma gouldi, concentrates them highly 


TUBULAR URINE TUBULE PERITUBULAR FLUID 
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Fic. 9. Concept of a proximal tubular ion pump which 
would actively transport sodium ions and which would 
passively transport chloride ions. This is the same mecha- 
nism described in Figure 3. See text for details and 
assumptions. 


in its excretory organ [90]. In the dog and rat 
homogenization and differential centrifugation 
have shown that mercurial diuretics are bound 
in highest concentration to the soluble proteins of 
the cells [83]. They are also firmly bound to the 
granular (mitochondrial) fraction of the cells. 
Why kidney cortex should differ so greatly 
from other tissues and whether the extremely 
high concentrations are, per se, related to and the 
cause of diuresis or whether they are more re- 
lated to excretion are unknown. The problem is 
all the more confusing because certain organic 
mercurials are highly concentrated in the renal 
cortex, yet are slowly excreted and exhibit no 
diuretic activity [74]. 

Nature of the Proximal Tubular Mechanism for 
Reabsorption of Sodium and Chloride. If, as seems 
reasonable from the results of Kessler et al. [73], 
mercurial diuretics block a fraction of the proxi- 
mal tubular reabsorption of sodium and chloride 
ions without appreciably affecting the distal 
process (except for specific depression of 
potassium exchange), we need consider only the 
nature of the former process in this discussion. 
The mechanism outlined in Figure 9 is merely 
an extension of that presented earlier in explana- 
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tion of proximal tubular reabsorption of bicar- 
bonate. In fact one mechanism is responsible for 
the active reabsorption of sodium ions, for the 
passive reabsorption of chloride ions, and for the 
passive secretion of hydrogen ions (i.e., for bi- 
carbonate reabsorption). The net influx of 
sodium ions will be exactly equal to the sum of 
the net influx of chloride ions plus the net outflux 
of hydrogen ions. This fact provides a basis for 
explanation of the mystifying (to me) reciprocal 
relationship between the thresholds for chloride 
and bicarbonate, but since it is not germane 
to our discussion, it will receive no further 
consideration here. 

Sodium ions are actively pumped out of the 
cell and into the peritubular fluid, establishing 
the observed transcellular potential difference 
of 81 mv. and maintaining the intracellu- 
lar sodium concentration at a _ relatively 
low value. Chloride diffuses out along the 
electrical gradient of 81 mv. to establish an 
equilibrium concentration ratio of Cl(ce)/ 
Cl peritubular fluid) = 15}. If the peritubular 
concentration of chloride is 110 mEq./L., the 
intracellular concentration will be slightly over 
5 mEq./L. Sodium diffuses passively into the 
cell from the tubular lumen down both electrical 
and chemical gradients. Chloride will also diffuse 
into the cell for the favorable chemical gradient 
into the cell exceeds the adverse electrical 
gradient. Thus the net electrical gradient of 
61 mv. across the lumenal membrane is so 
oriented as to oppose the diffusion of chloride 
ions from lumen to cell. Were the cell concentra- 
tion of chloride 11 mEq./L., no net diffusion of 
chloride would occur. With a cellular concentra- 
tion of 5 mEq./L., passive inward diffusion 
is possible. A highly significant element of this 
scheme is the postulate that the permeability of 
the membrane to chloride is relatively less than 
that to sodium. In fact it is the difference in 
fluxes, based on differences in permeability, 
which establishes the lumenal potential of —20 
mv., i.e., which reduces the potential difference 
between lumen and cell from 81 to 61 mv. It is 
this potential difference which accounts for 
the proximal secretion of hydrogen ions. 

A more simple way to view the situation is to 
consider the tubular epithelium as a single mem- 
brane separating tubular lumen and peritubular 
fluid. The active transport of sodium establishes 
the observed potential difference of 20 mv. 
between lumen and peritubular fluid. The 
orientation of this potential is such as to favor 


passive diffusion of chloride ions from tubular 
lumen to peritubular fluid. 

According to this view, mercurial diuretics 
interfere with the operation of the sodium 
pump. They do not stop it, rather they slow it 
down by 15 to 30 per cent, perhaps by cutting 
off one limited source of energy dependent on 
sulfhydryl enzymes. If this view is correct, one 
would predict that mercurials should reduce the 
transcellular and transtubular potential differ- 
ences. Giebisch [56] has indeed observed that 
chlormerodrin reduces the transcellular poten- 
tial in Necturus. 

This discussion should not be regarded in any 
sense as proof of the validity of the concepts 
presented. It is merely aimed to show that, given 
a mechanism for the active transport of sodium 
in the proximal tubule, one can explain the 
reabsorption of chloride and bicarbonate as 
passive processes. That they are passive is not 
proved. 

One cannot state that all actions of mercurial 
diuretics are exerted on the proximal segments of 
the renal tubules. The well documented inhibi- 
tion of potassium secretion [38] must be exerted 
on the distal tubules. This does not necessarily 
mean that mercurials block directly the coupled 
lumenal transport mechanism which exchanges 
sodium ions for either potassium or hydrogen 
ions. (Fig. 4.) Were this mechanism directly 
blocked one would predict failure of acidification 
of the urine as well as inhibition of potassium 
secretion. It is possible that mercury acts one 
step back within the cell on some system which 
feeds potassium ions into the exchange mecha- 
nism, i.e., the analogue of the system which feeds 
hydrogen ions and which is blocked by carbonic 
anhydrase inhibitors. 


CHLOROTHIAZIDE AS A DIURETIC AGENT 


Chlorothiazide (diuril®), a heterocyclic sul- 
fonamyl compound synthesized by Novello and 
Sprague [97], has recently been introduced as an 
orally effective diuretic agent. Because in some 
of its pharmacological properties it resembles 
acetazoleamide, in others, the mercurial diu- 
retics, and especially because it sheds additional 
light on the mechanisms for reabsorption of 
sodium, we shall consider it briefly. 

Chlorothiazide is an aromatic disulphonamy] 
compound in which one sulfonamyl group is 
cyclized with an acylamino group in a position 
ortho to it. 
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TABLE 
AN EXPERIMENT ILLUSTRATING THE NATURE OF THE DIURETIC ACTION OF CHLOROTHIAZIDE IN THE DOG 


WHEN GIVEN IN 


MAXIMALLY EFFECTIVE DOSAGE 


Excretion Rate % of Filtered 


| | | | 
Urine | Plasma Clearance | pH | (uEq. /min.) Testindeed 
Flow | | 
(cc./min.) | min.) | | 
| (mg. %) | (cc./min.) | Plasma | Urine} Na | K | Cl |HCO;| Na| K | Cl |HCO; 
| | | | 
| | | | 
6.3 132 7.42 | 5.56) 335| 78| 502| 2 | 98 | 83/ 97| 100 
6.0 136 7.42 |5.45| 292| 452 1 | 99 | 83 | 97 | 100 
Chlorothiazide: 10 mg. per kg., prime; 15 mg. per kg. per hour, infusion 
rat 
11.2 127 3.08 267 7.44 | 7.20 488 | 223 | 1090 | 288 | 97 | 47 | 94 88 
12.0 109 1.92 380 7.44 7.41 | 1380 | 287 | 1380 | 297 | 91 | 16 | 91 86 
11.6 112 1.71 365 7.44 | 7.42 | 1350 | 233 1360 | 284 | 92 | 34 91 86 
10.6 111 1.62 363 7.42 | 7.42 | 1350 | 202 | 1310 | 260 | 91 | 44) 91 87 
| | | | | 
Chlorothiazide: 10 mg. per kg., prime; 30 mg. per kg. per hour, infusion 
10.2 108 5.38 256 7.43 | 7.40 | 1440 | 195 | 1380 | 273 | 91 | 41 | 91 86 
9.8 107 3.60 341 7.43 | 7.37 1440 | 195 | 1340 | 275 | 90 | 42 | 91 85 
9.0 112 3.22 349 7.42 | 7.43 | 1380 | 207 1310 | 265 | 91 | 40; 92 86 
8.0 115 3.10 341 7.42 | 7.37 | 1290 | 195 | 1220 | 244 | 92| 41| 92] 87 


* From Prrrts, R. F., Kriicx, F., Lozano, R., Taycor, D. W., HEmenreicu, O. P. A. and Kessier, R. H. Studies 
on the mechanism of diuretic action of chlorothiazide. J. Pharmacol. & Exper. Therap. (in press) [94]. 
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Beyer [92,93] has shown that chlorothiazide 
exhibits properties both of carbonic anhydrase 
inhibitors and of mercurial diuretics. Due to the 
fact that the molecule contains a free sulfonamyl 
group, it inhibits carbonic anhydrase in vitro and 
in relatively large doses in vivo alkalinizes the 
urine and increases the urinary excretion of 
potassium. In addition it causes natriuresis and 
chloruresis, actions similar to those of mercurial 
diuretics. In fact in the usual orally effective 
doses the major response is chloruresis and 
natriuresis. The urine may fail to become alka- 
line, although potassium excretion is usually 
enhanced. 

Pitts et al. [94] administered chlorothiazide to 
dogs in doses sufficient to produce a maximal 
renal response. At the peak of diuretic action of 
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the drug, either acetazoleamide or chlor- 
merodrin was given in a dose sufficient to pro- 
duce its maximal renal response. The order of 
drug administration was then reversed. Table 1 
summarizes an experiment with chlorothiazide 
illustrating not only the basic elements of its 
diuretic action but also the fact that in the dose 
administered peak effects were obtained. It is 
apparent that a priming dose of 10 mg. per kg. 
and a rate of infusion of 15 mg. per kg. per hour 
induced natriuresis, kaluresis, chloruresis and 
bicarbonate excretion which were not signifi- 
cantly increased by repeating the prime and by 
doubling the rate of infusion. That peak action 
was attained from the lower dose is apparent on 
examination not only of the absolute rates of ion 
excretion but also of percentages of the filtered 
ions which are reabsorbed. In other experiments 
it was shown that a priming dose of 2.0 mg. Hg 
per kg. as chlormerodrin and a rate of infusion 
of 2.0 mg. Hg per kg. per hour produced a 
maximal renal response not increased by repeat- 
ing the prime and doubling the rate of infusion. 
In Table m is summarized an experiment in 
which a dose of chlormerodrin sufficient to 


& 
|| 
ad 
Ri 
é 
4 
er 
«& 
° 
f 
Be, 


760 Mechanisms of Action of Diuretics—Pitts 


TABLE III 
AN EXPERIMENT ILLUSTRATING THE SUMMATION OF THE DIURETIC ACTIVITIES OF CHLORMERODRIN AND 
CHLOROTHIAZIDE IN THE DOG WHEN BOTH DRUGS ARE GIVEN IN MAXIMALLY EFFECTIVE DOSAGE 


A ay Excretion Rate % of Filtered 
Chlormerodrin Chlorothiazide pH (nEq./min.) 
Urine Flow G.F.R. 
(cc./min.) | (cc./min.) | 
Plasma | Clearance | Plasma | Clearance ‘ 
(ug./cc.) | (ce./min.)| (mg. %) | (ce. min.) Plasma | Urine| Na K Cl HCOs | Na! K | Cl | HCOs 
6.7 52.2 7.31 | 6.26 | 390| 21 | 440 9 95 | 88/94) 99 
7a 51.2 | vue 6.35 | 420 | 37 480 13 95 | 80 93 | 99 
Chlormerodrin: 2 mg. Hg per kg. prime; 2 mg. Hg per kg. per hour, infusion 
7.3 48.6 37.2 4.1 | | 7.32 | 6.35 | 460 | 35 | 690 | 12 | 94 | 80 | 90 99 
10.3 49.4 22.0 732 |601| 35| 8 | 88|80| 86| 99 
14.2 49.4 20.6 | 7.32 | 5.88 | 1520 | 41 | 1650 7 |79|77176) 99 
15.7 46.1 39.5 13.6 | ..-. | oe 7.32 | 5.79 | 1850 | 41 | 1980 6 73 | 76 | 70 99 
14.8 41.1 20.8 | 7.32 | 5.67 | 1830 | 42 | 19590| 4 | 99 
| | | | 
Chlorothiazide: 10 mg. per kg., prime; 15 mg. per kg. per hour, infusion 
16.9 37.7 19.8 13.7 5.10 | 87 7.34 6.86 | 2280 | 46 | 2330 | 97 | 59 | 68 | 56 | 84 
15.8 35.7 17.8 16.2 2.55 163 7.34 6.86 | 2200 | 41 | 2230 92 | 59 | 70 | 55 | 83 
13.0 30.8 17.8 16.4 | Bz 132 7.36 6.61 1790 | 38 1880 | 42 | 61 | 67 | 56 | 91 
12.8 31.4 14.7 18.4 | 2.17 | 130 7.39 | 6.49 | 1770 | 48 | 1880 | 28 | 62 | 59 | 57 94 


* From Pirts, R. F., Krick, F., Lozano, R., Taytor, D. W., Hemenreicn, O. P. A. and Kesster, R. H. Studies on the mechanism of diuretic 


action of chlorothiazide. J. Pharmacol. & Exper. Therap. (in press) [94]. 


produce its maximal renal response was ad- 
ministered first, followed by a dose of chloro- 
thiazide sufficient to produce its maximal renal 
response. It is apparent that the natriuretic 
and chloruretic actions of chlormerodrin and 
chlorothiazide are additive when each is given in 
maximal dosage. From this it was concluded that 
the two drugs block two different reabsorptive 
mechanisms or the same mechanism in two 
distinctly different ways which sum more or less 
perfectly. Since large doses of chlormerodrin and 
chlorothiazide administered together block 
somewhat less than half the total reabsorption of 
sodium and chloride, there must be some sort of 
third mechanism. We. are inclined to the view 
that there is but a single mechanism of sodium 
reabsorption with multiple sources of energy. 
Chlormerodrin blocks one source of energy; 
chlorothiazide blocks another. A third, a fourth 
or more energy yielding sources are resistant to 
the inhibiting actions of both drugs. 

Experiments combining chlorothiazide and 
acetazoleamide led to the conclusion that both 
drugs, with respect to their carbonic anhydrase 
inhibiting actions, block common mechanisms 
of bicarbonate reabsorption and acidification 
and facilitate a common mechanism of potassium 
secretion. In these actions, acetazoleamide is the 
more potent of the two drugs. 


CONCLUDING REMARKS 


Gilman [27], in a recent review of the diuretic 
activities of carbonic anhydrase inhibitors, has 
pointed out their great heuristic value with 
respect to renal transport mechanisms. His 
statement applies equally to mercurial diuretics, 
to osmotic diuretics and to a lesser extent to 
xanthine diuretics, the antialdosterones and the 
new antisecretory agents. The reverse side of the 
coin bears some scrutiny too. As more is learned 
about renal transport mechanisms, that knowl- 
edge can be channeled into improved treatment 
of patients exhibiting disturbances of acid-base 
and salt and water balance and into the devel- 
opment of better therapeutic agents. 
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The Kidney in Potassium Depletion’ 


ARNOLD S. RELMAN, M.D. and WiLL1iAM B. SCHWARTZ,T M.D. 
Boston, Massachusetts 


URING the past twenty years an increasing 
body of experimental and clinical evidence 
has lent support to the proposition that a de- 
ficiency of potassium may produce significant 
alterations in renal structure and function | 7—4]. 
In the renal tubular cells, potassium plays a dual 
role. As in all other cells, it is probably an essen- 
tial activator of some of the enzymatic reactions 
maintaining the integrity of the tubular cell and 
supplying the energy required for its specialized 
activities. Beyond this, however, potassium is 
itself one of the ions transported across the renal 
epithelium as part of the interrelated series of 
ionic exchanges by which the kidney contributes 
to the maintenance of body electrolyte and acid- 
base equilibrium. These two roles undoubtedly 
are intimately related. Nevertheless, in our pres- 
ent state of knowledge the various renal abnor- 
malities resulting from potassium depletion 
seem to be conveniently discussed in terms of one 
or the other of these functions. This point of view 
will provide the framework for the present sum- 
mary of the effects of potassium depletion on the 
kidney. 

Renal Pathology in Experimenal Potassium Deple- 
tion. Dietary deficiency of potassium in rats and 
mice produces enlargement of the kidneys and 
striking changes in their tubular structure [5~9]. 
The increase in renal mass begins within a few 
days and progresses for ten days to two weeks, the 
final weight often being two or more times nor- 
mal [70,77]. The enlargement is absolute as well 
as in relation to body weight and is due to a 
nearly proportional increase in the content of 
solids and water [8-73], as well as of fat and 
glycogen [70]. Microscopic changes are first 
noted one week after starting the potassium- 
deficient diet and are well advanced by two 
weeks [8,77,/4]. The most striking changes are 


found in the collecting tubules where there is 
swelling, hyperplasia and prominent cyto- 
plasmic granulation of epithelial cells [7,77,/4,75], 
as well as enlargement of nuclei | /6]. In addition, 
many collecting tubules show marked dilatation 
[7,77,14,15|. By means of microdissection of 
nephrons, Oliver and his associates [/4| have 
demonstrated that these lesions occur in separate 
portions of the collecting system. The granular 
lesion is found in the innermost zone of the 
medulla, which is otherwise entirely normal, 
and extends out to the epithelium of the papillae. 
Swelling and hyperplasia of the clear cells, and a 
distinctive proliferation of the so-called inter- 
calated cells, are confined to the tubules of the 
inner stripe of the outer zone of the medulla. 
Basement membranes in this area are notably 
thickened. Dilatation is found proximal to these 
lesions, in the proximal portions of the collecting 
system and occasionally in the distal convoluted 
tubules. For this reason it is suggested that dilata- 
tion is a passive consequence of the proliferative 
cellular occlusion situated distally [74]. These 
workers further noted that, except for minor 
patchy degenerative changes in the mid-portion 
of the proximal convolution, the remainder of 
the nephron is essentially normal. Although the 
earliest and most consistent lesions are found in 
the distal tubular system, many observers 
[7,8,17,15-17| have reported a variety of changes 
in other portions of the nephron. There is con- 
siderable diversity in the description of the na- 
ture and location of these lesions. Hydropic 
swelling, fatty degeneration, alterations in 
nuclear and mitochondrial staining, necrosis and 
even calcification have been reported. Some of 
the discrepancy in the descriptions of the more 
proximal lesions may be related to the severity 
or duration of the potassium depletion since the 
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cortical changes appear to follow those in the 
medulla [74]. 

Restoration of potassium to the diet has been 
reported to result in virtually complete healing 
of the characteristic lesion [77].* It has also 
been noted that, several weeks or months after 
correction of a deficiency which had lasted six to 
eight weeks, rat and mouse kidneys showed inter- 
stitial scarring, hyalinized glomeruli and dilated 
tubules |7,/9|. Thus, while the lesions of experi- 
mental potassium depletion are potentially 
reversible, at least at some stage, it appears that a 
point may be reached at which irreversible 
damage may occur, with resultant extensive 
scarring and atrophy of the renal substance. 

Potassium depletion also produces changes in 
enzyme activity, as determined by histochemical 
methods. These are found mainly in the areas 
which appear to be most affected in ordinary 
histologic sections. There is increased acid phos- 
phatase [75,27] and TPN diaphorase activity 
{27| in the collecting tubules, and a decrease in 
DPN diaphorase activity [27]. It has also been 
reported that non-specific esterase activity is 
markedly increased in both the collecting and 
the proximal tubules [27]. Variable and small 
changes in alkaline phosphatase have been 
noted [77,27], but succinic dehydrogenase, 
5-nucleotidase and phosphorylase un- 
affected |/5,27|. The functional significance of 
these changes remains to be determined. 

Tissue Composition in Experimental Potassium 
Depletion. ‘The potassium content of renal tissue 
is usually reduced in experimental potassium 
depletion but the change is less than that found 
in muscle. With but one exception [73], all 
studies of kidney electrolyte content in rats have 
shown a significant 10 to 20 per cent reduction in 
potassium [6,70,22,23] which was roughly propor- 
tional to, and about 40 per cent of the magni- 
tude, of the muscle potassium depletion. Of 
interest is the observation that, in contrast 
to muscle tissue which gains sodium as it loses 
potassium, no significant change in the sodium 
content of renal tissue could be demonstrated 
in deficient rats. In potassium deficient dogs, 
despite a 30 per cent reduction in muscle 
potassium, no changes in kidney electrolyte 
content were observed [24]. 


* It is of interest that addition to a potassium-free diet 
of rubidium or cesium (alkali metals closely related to 
potassium) prevents the appearance of renal lesions [78]. 
Furthermore, rat kidneys with extensive potassium de- 
ficient lesions can be restored rapidly to normal by treat- 
ment with rubidium chloride [20]. 


MAY, 1958 


In the muscle of depleted rats some potassium 
is apparently replaced by the cationic amino 
acids, lysine and arginine [25], and analyses of 
kidney tissue also disclose a significant increase 
in these substances [26]. Of further interest in 
this connection is the observation that the muscle 
content of aspartic acid and glutamic acid falls, 
but that of kidney does not [26]. Since glutamic 
and aspartic are the only two amino acids with 
net negative charges at the pH of body fluids, 
it is possible that they act as expendable anions 
which leave the cell with potassium when there 
is marked loss of potassium, as in muscle, but 
not with the milder degrees of depletion which 
occur in the kidney. 

Assays for carbonic anhydrase and glutami- 
nase in the kidneys of potassium-depleted rats 
indicate an increase in the activity of both 
enzymes [7/2]. In the potassium-depleted dog, 
despite the absence of detectable change in 
tissue potassium content, the activity of these 
enzymes was also found to be increased [24]. 
However, if alkali is added to the diet of potas- 
sium-deficient rats or dogs glutaminase activity 
will be reduced rather than increased [24]. 

The Renal Pathology of Potassium Depletion in 
Man. It is now well recognized that renal 
lesions may accompany potassium deficiency in 
man [2-4]. The most striking finding is a vacuol- 
ization of the tubular epithelial cells. These 
vacuoles usually do not stain for fat, glycogen 
or protein, and these characteristics, taken with 
their large size and great number, serve to 
distinguish them from other degenerative epi- 
thelial lesions. It was first clearly recognized by 
Perkins, Petersen and Riley [27] and by Luft, 
Ringertz and Sjogren [28] that this tubular 
change was associated with potassium deficiency 
in man. In retrospect, however, numerous good 
descriptions of the same lesion can be found in 
earlier publications [29-36]. In many cases data 
on potassium were not available, but the clinical 
circumstances were such (e.g., chronic diarrhea) 
as to suggest the strong likelihood of severe 
potassium depletion. A particularly striking 
example of vacuolar nephropathy in a patient 
with diarrhea and known deficiency of potassium 
was reported by Williams and MacMahon [37]. 

In the past few years, since the recognition of 
the lesion, many descriptions of potassium deple- 
tion nephropathy have appeared [2,37-53]. 
Table 1 lists the diseases in which the renal 
tubular lesions now known to be characteristic 
of potassium depletion have been described. 
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These disorders, although of diverse etiology, 
have in common a trend toward severe chronic 
depletion of potassium. Diarrheal diseases seem 
to be the most common offenders but potassium- 
depletion lesions have also been noted in pa- 
tients with hyperadrenalism [45-54], in those 


TABLE I 
CLINICAL DISORDERS ASSOCIATED WITH TUBULAR LESIONS 
OF POTASSIUM DEPLETION 


Potassium depletion from gastrointestinal losses: 
Ulcerative colitis 
Regional enteritis 
Cholera 
Bacillary dysentery 
Sprue syndrome 
Whipple’s disease 
Malabsorption syndrome 
Overuse of laxatives 
Ureterosigmoidostomy 
Hyperadrenalism: 
Cushing’s disease 
Primary aldosteronism 
Cortisone treatment 
Renal disease with urinary potassium wasting: 
Fanconi syndrome 
Renal tubular acidosis 
Cystinosis 
Renal disease with extrarenal potassium wasting: 
Subacute glomerulonephritis 
Acute tubular necrosis 
Chronic pyelonephritis 


with renal tubular defects leading to potassium- 
wasting [32,33,47,44], in patients with other 
chronic renal diseases who become potassium 
depleted from extrarenal losses [20,40], and in 
those with ureterosigmoidostomy [43]. 

While the vacuoles in the convoluted tubular 
epithelium may be the most easily recognized 
of the renal changes produced by potassium 
depletion, there is good reason to believe that 
other less specific, and sometimes less striking, 
alterations in the tubular epithelium may occur, 
Granularity or foamy swelling of cytoplasm, 
necrosis and sloughing of cells, dilatation of 
tubules with atrophy of the epithelium, and 
even calcification of cells have been noted in 
one or more reports [2,28,33,35,36,38,44,49]. 
These changes are sometimes found together 
with the vacuoles, but in other cases no discrete 
vacuoles can be found. 

The tubular lesions seem to be confined 
chiefly to the convoluted tubules, the collecting 
tubules in most cases appearing normal. Glo- 
meruli also have been usually described as nor- 
mal, although Jensen, Baggenstoss and Bargen 
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[35] have called attention to the endothelial prolif- 
eration in some of their patients with ulcerative 
colitis. In patients with aldosteronism, hyaliniza- 
tion of glomeruli and areas of interstitial scarring 
and tubular atrophy can probably be attributed 
to the hypertensive disease and pyelonephritis 
which may complicate this condition [38,50,52). 
With these exceptions, most patients with potas- 
sium-depletion nephropathy have normal renal 
blood vessels and interstitial tissue. Finally, it is 
of interest that a slight increase in renal weight 
(combined weight above 330 gm.) has been 
noted in a few instances [27,28,35,36]. 

In summary, then, the renal lesion of potas- 
sium deficiency in man resembles that produced 
experimentally in the rat in being confined 
chiefly to the tubular epithelium. In man the 
change is primarily vacuolar and degenerative 
and limited to the convoluted tubules. However, 
in rats there is a hyperplastic obstructing lesion 
in the collecting system which leads only second- 
arily to proximal changes, which include dilata- 
tion and some degeneration and necrosis. In 
both species renal hypertrophy may occur, and 
in neither are there significant lesions of glo- 
meruli or blood vessels. 

Virtually no precise information is available 
concerning the minimum duration and severity 
of the potassium deficiency required to produce 
significant lesions in man. By history, most of the 
patients observed to date appear to have been 
losing potassium for at least a month, and usually 
for many months or several years. Typical lesions 
have been noted within seven days after uretero- 
sigmoidostomy [43], suggesting that they may 
develop much more rapidly in certain cases. At 
some stage of its development the tubular lesion 
in man is reversible, as demonstrated by serial 
biopsy study in two patients [2], but there are no 
data concerning the speed and frequency with 
which such healing might be expected to occur. 
The question of possible irreversible lesions, with 
scarring, atrophy and loss of nephrons, is not 
easily resolved because of the fact that patients 
with potassium depletion may suffer from other 
renal diseases which destroy kidney tissue. 

It has been suggested that there is a high inci- 
dence of pyelonephritis in potassium-depletion 
nephropathy as a consequence of the increased 
susceptibility of renal tissue already damaged by 
potassium deficiency [4,55]. A review of the 
pathological description in thirteen reported 
cases of nephropathy caused by diarrhea 
[2,27,28,31,34,37,39,40,42| reveals that pyelone- 
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phritis was described in only two. Kulka, 
Pearson and Robbins did not mention pyelo- 
nephritic lesions in any of their fifteen patients 
[36] and Jensen, Baggenstoss and Bargen [35] 
noted the occurrence of pyelonephritis in only 
four of nineteen patients. In cases of aldostero- 
nism there may be a somewhat higher incidence 
of pyelonephritis. In two of the published cases of 
aldosteronism [52,56] the patients were found to 
have pyelonephritis on renal biopsy and in two 
others positive urine cultures were obtained 
[50,57|. Two of three patients seen by the present 
authors [20] also have had pyelonephritic scars. 
On the other hand, in six other cases no histolog- 
ical or clinical evidence of pyelonephritis was 
noted [47—49,51,53,58]. 

The evidence for a predisposition to pyelo- 
nephritis is therefore unconvincing in _ the 
nephropathy associated with diarrhea, but 
somewhat more suggestive in aldosteronism. 
Cases of potassium-depletion nephropathy and 
pyelonephritis associated with renal tubular 
diseases, such as renal tubular acidosis and 
Fanconi’s syndrome, and in patients with 
ureterosigmoidostomy, have been excluded from 
consideration in this connection since pre-exist- 
ing infection, obstruction, stone formation and 
other metabolic and structural abnormalities in 
the kidneys make interpretation impossible. 
Finally, the possibility must be considered that 
potassium depletion itself might cause interstitial 
scarring which could mimic the lesion of chronic 
pyelonephritis. The recent observations [79] in 
chronically depleted rats would lend this sug- 
gestion some support, but this entire question 
needs much further investigation. 

Renal Function in Experimental Potassium Deple- 
tion. In view of the histological changes pro- 
duced in the kidney tubules it is not surprising 
that experimental potassium depletion is also 
associated with disturbances in renal tubular 
function. The most prominent abnormality is a 
defect in renal concentrating power, the severity 
of which appears to be proportional to the degree 
of tissue potassium depletion [59]. In rats in 
which muscle potassium was reduced by half 
as the result of two and a half weeks of a potas- 
sium-free, alkaline diet, the maximum urine 
osmolal concentration achievable with adminis- 
tration of vasopressin was reduced from the 
normal value of approximately 2,600 mOsm./K. 
to 1,000 mOsm./K. [59]. It has been suggested 
that final concentration of the urine occurs in 
the collecting tubules [60,67] and it is therefore 
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of considerable interest that the initial and most 
striking tubular lesions in potassium-depleted 
rats are found at this site. 

Polydipsia and polyuria appear as soon as 
rats [70,77,62| or dogs [62,63] are started on a low 
potassium diet. Initially, at least in the rat, these 
symptoms cannot be attributed to the concen- 
trating defect because they precede the latter 
and occur prior to the development of significant 
potassium depletion [59]. A similar diabetes 
insipidus-like syndrome has been produced in 
dogs given DOCA [64-66]. The DOCA syn- 
drome resembles that which results from a low 
potassium diet in that the polyuria and poly- 
dipsia can occur without the development of 
potassium deficiency [66]. 

The exact mechanism by which, in the absence 
of potassium deficiency, DOCA and a diet de- 
ficient in potassium promptly produce polyuria is 
not clear at present. While it has been suggested 
that polydipsia rather than a renal abnormality 
may be at fault [65], the available data do not 
adequately settle this point. The possible role of 
changes in glomerular filtration rate remains 
to be determined. 

Although glomerular lesions are not a promi- 
nent feature of potassium-depletion nephropathy 
in animals, there are some suggestions that 
glomerular function may be impaired. Endog- 
enous and exogenous creatinine clearances were 
found slighty reduced in rats depleted of potas- 
sium [67]. However, since protein depletion 
usually accompanies severe potassium depletion, 
and in view of the fact that protein depletion 
alone was found to reduce creatinine clearance, 
it was not possible definitely to attribute the 
changes to potassium depletion. Other studies 
have noted that azotemia may develop in potas- 
sium-depleted rats [77,79] and sometimes may 
persist long after correction of the deficit [79]. 
Further information is obviously required to 
clarify the significance of these observations. 

Renal Function in Potassium-Depleted Man. 
In man, the renal lesion of potassium depletion 
characteristically produces a defect in the tubular 
reabsorption of water. Almost all patients studied 
have had isosthenuria, resistant to vasopressin. 
Thus, for example, nineteen of twenty-one pa- 
tients with primary aldosteronism [20,46-53,56-— 
58,68-72| could not produce a concentrated urine, 
and this defect was noted in all five cases of potas- 
sium-depletion nephropathy due to diarrhea 
recently studied by the present authors [2] as 
well as the six other similar cases collected from 


> 
f 
Vie 
> 
> ar 
bf 
wy 
° 
5 


4, 
t 
any 


768 Kidney in Potassium Depletion—Relman, Schwartz 


the literature [2]. In some instances this defect 
has been associated with marked polyuria and 
polydipsia. Normal subjects maintained on kali- 
uretic adrenal steroids develop polyuria, nocturia, 
and vasopressin-resistant isosthenuria after 
several weeks [20]. 

In view of current suggestions that final con- 
centration of the urine may occur in the collect- 
ing tubules [60,67], the absence of significant 
lesions in this area in the human material is 
noteworthy. It should be recalled that the con- 
centrating defect in rats is associated with a 
striking lesion of the collecting tubules. This 
difference may well be due to an histologically 
inapparent but functionally important lesion in 
the human-collecting tubule. On the other hand, 
it is possible that in man final concentration 
occurs proximal to the collecting tubules, or that 
potassium depletion impairs a step in the urine 
concentrating mechanism which precedes the 
final distal reabsorption of water. 

Other tubular functions have not been system- 
atically studied in potassium-depleted man. 
However, in several patients with depletion 
caused by diarrhea, excretion of phenol red was 
reduced, and then rose as potassium balance was 
restored [2]. Similar changes have not been found 
in patients with primary aldosteronism. Clear- 
ance of PAH was reduced in a number of pa- 
tients with both types of potassium depletion 
[2,48,56,57,69,73|. The disproportionately low 
levels of PAH clearance, as well as measurements 
of TmPAH and renal extraction of PAH in one 
patient [2], would suggest that at least some of 
this reduction in clearance is due to impairment 
of tubular extraction rather than entirely to 
diminished effective plasma flow. The impor- 
tance of potassium in PAH transport is indicated 
by the observation that the accumulation of 
PAH by rabbit kidney slices is maximal only 
when tissue potassium is normal [74]. 

Blood nitrogen levels have as a rule been 
within normal limits in the patients with aldo- 
steronism, but in a few with diarrhea mild 
elevations have been noted [2,37]. Glomerular 
filtration rate, as measured by inulin clearance, 
or estimated by endogenous creatinine clear- 
ance, has been found usually moderately de- 
pressed in patients depleted by diarrhea [2]. In 
some cases these changes were reversed by 
restoration of potassium stores. In those with 
aldosteronism, the filtration rate has usually 
been normal, but in a few instances moderate 
reductions have been noted [20,48,52,56,57]. 


Nephrosclerosis and pyelonephritis complicated 
most of the latter cases, however, and interpreta- 
tion of these changes is difficult. It is of interest, 
nevertheless, that in eight patients with aldo- 
steronism in whom a tubular concentrating 
defect was marked, the glomerular filtration 
rate appeared to be within normal limits 
[ 20,46,49,50,53,69). 

In many instances the functional defects have 
proved to be largely or entirely reversible fol- 
lowing correction of the potassium deficit. In 
nine of sixteen cases of aldosteronism in which 
data are available, operative cure of the condi- 
tion was followed by either marked improve- 
ment in concentrating ability or restoration of 
this function to normal [20,46,50,68,69,72|. In the 
other seven cases there was either no change in 
concentrating ability or very slight improvement 
| 48,49,52,53,56,69|. A few cases improved within 
three or four weeks of operation. The patient 
reported on by Eales and Linder [50| showed 
slight improvement three weeks postoperatively, 
and had regained normal concentrating ability 
twelve weeks postoperatively. With this excep- 
tion, there are no serial studies adequate to 
define the time course of the improvement of 
function after cure of aldosteronism. A few serial 
measurements are available in three patients 
recovering from diarrhea-induced depletion 
[7,2]. Immediately following repletion all func- 
tions had improved, but were still below normal. 
One to three months later concentrating ability 
as well as inulin, creatinine and PAH clearances 
were restored to normal limits. 

To summarize: The available data suggest 
that in man, as in experimental animals, the most 
consistent functional defect associated with 
potassium-depletion nephropathy is to be found 
in the tubules, with pitressin-resistant isosthe- 
nuria as the chief characteristic. Other tubular 
disturbances may occur, but there are insuffi- 
cient data on this point. The glomerular filtra- 
tion rate is often reduced in diarrhea-induced 
deficiency, but usually is within normal limits in 
aldosteronism. Gradual restoration of all de- 
ranged functions may occur after repair of the 
potassium deficit, but the quesiion of permanent 
irreversible defects has not yet been settled. 

Potassium Deficiency and The Renal Regulation of 
Electrolyte and Acid-Base Equilibrium. ‘The dis- 
cussion has thus far been concerned with those 
structural and functional consequences of potas- 
sium depletion which can probably be explained 
by the role of potassium as an essential com- 
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ponent of the general metabolic processes of 
tubular cells. However, as an integral part of the 
complex ion transport mechanisms by which 
renal regulation of electrolyte and acid-base 
balance is accomplished, the potassium ion has 
still another role to play. The following section 
deals with this latter aspect of potassium deple- 
tion, namely its effect on the renal tubular han- 
dling of potassium and related electrolytes. 

A. Excretion of Sodium and Potassium. ‘The 
normal kidney is so efficient in its conservation 
of sodium that excretion of this ion is reduced 
to only a few milliequivalents a day within 
five days after dietary sodium is abruptly with- 
drawn [75]. Conservation of potassium after 
withdrawal is much less effective. Only after 
two weeks on a potassium intake of 10 to 15 
mEq. does urine potassium approach this figure, 
at a time when the total potassium deficit is 
perhaps 250 to 300 mEq. [76-78]. Restriction of 
sodium intake has been reported to increase the 
efficiency of potassium conservation [79]. Ulti- 
mately, in normal experimental subjects [80] and 
in patients with more severe potassium deficiency 
[7,2,87,82| the urinary excretion of potassium 
drops off to only a few milliequivalents per day. 
The capacity for renal conservation of potassium 
is further demonstrated in deficient subjects by a 
considerable reduction in the acute response to 
such kaliuretic stimuli as hyperventilation, 
osmotic diuresis and the administration of so- 
dium bicarbonate, acetazoleamide, potassium 
chloride or ammonium chloride [83,84]. It has 
also been shown that the normal daytime diuresis 
of potassium disappears, with the result that 
excretion tends to remain constant throughout 
the twenty-four hour cycle [83]. Even in cases 
in which tubular function has been significantly 
impaired by potassium-depletion nephropathy, 
renal conservation of potassium may neverthe- 
less be very efficient [7,2]. In this respect patients 
who become depleted as the result of hyper- 
adrenalism or primary renal tubular defects 
differ from those whose deficits derive from low 
intake, vomiting or diarrhea. In the former 
group, urine potassium remains normal or in- 
creased, despite falling plasma levels and body 
stores. Thus a very low excretion of potassium 
(<10 mEq. per day) usually indicates severe 
and fairly long-standing potassium depletion, 
and virtually excludes the possibility of hyper- 
adrenalism or a primary potassium-wasting 
tubular defect. 

The renal handling of sodium appears to be 
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affected by potassium depletion. Sodium and 
chloride retention are known to occur during the 
development of experimental potassium de- 
ficiency {76—78,85]. The converse relationship has 
also been observed, namely that administration 
of potassium to depleted subjects immediately 
increases sodium excretion [76-78, 86]. Excretion 
of sodium loads is delayed in patients with potas- 
sium deficiency due to diarrhea or low intake, 
and these patients tend to become edematous 
when given sodium [7,86]. This phenomenon 
may also be responsible for the retention of so- 
dium and the overexpansion of extracellular 
space which follows treatment of patients 
depleted of potassium by diabetic acidosis [87] 
and severe diarrhea [88]. 

The mechanism relating potassium depletion 
to sodium excretion is not entirely clear. Reten- 
tion of sodium may be due in part to reduced 
glomerular filtration in patients with diarrhea 
[7], but Fourman found no changes in endog- 
enous creatinine clearance in one experimental 
subject in whom edema with sodium loading 
developed [86]. There is no evidence to suggest 
an important hormonal factor, since aldosterone 
production tends to fall with potassium deple- 
tion [89], and aldosterone excretion has been 
found to be decreased in a patient with laxative- 
induced depletion who had marked edema [90]. 
A possible explanation of the sodium retention 
is suggested by Berliner’s hypothesis that a 
sodium-hydrogen exchange is responsible for the 
reabsorption of sodium chloride as well as the 
excretion of acid [9/—93]. He has further sug- 
gested that depletion of cellular potassium in the 
renal tubules tends to favor the secretion of 
hydrogen [9/—93]. If this were so, potassium 
depletion would be expected to accelerate 
sodium chloride reabsorption, and loading with 
potassium to increase sodium chloride excretion. 
In potassium depletion associated with aldo- 
steronism, the excretion of sodium loads is 
rapid [20] and edema does not usually occur 
[94]. This may be due to the higher filtration 
rate in this condition as compared to other types 
of potassium deficiency, but the question cannot 
be definitely answered on the basis of present 
information. 

B. Regulation of Acid-Base Equilibrium. The 
renal threshold for bicarbonate is increased in 
potassium deficiency [97,92,95,96] as, in fact, 
must always be the case when there is protracted 
elevation of the plasma bicarbonate concentra- 
tion [97]. There is good evidence to suggest that 
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bicarbonate reabsorption is accomplished by a 
sodium-hydrogen exchange in the tubule [98], 
and a reduction in renal tubular potassium con- 
centration is thought to accelerate this process 
[97,92]. According to this hypothesis, hydrogen 
and potassium compete for a common secretory 
pathway, and a decrease in potassium tends to 
favor hydrogen secretion. It has also been shown, 
however, that bicarbonate reabsorption is 
increased by an elevated blood pCO, [97,99, 700]. 
Therefore, to the extent that pCO, rises with 
respiratory compensation in chronic alkalosis, 
an increased renal threshold for bicarbonate 
might be expected [97]. Since there is evidence 
to indicate that tissue pH is decreased in potas- 
sium depletion [707,702] as well as in hyper- 
capneic states, it has been suggested that the 
effect of both conditions on the bicarbonate 
threshold may be mediated through a change in 
cellular pH [96,703]. 

Whatever the mechanism, it is clear that in the 
alkalosis of potassium depletion the urine con- 
tains less bicarbonate than would normally be 
expected at similar plasma bicarbonate levels, 
and in this sense there is “‘paradoxical aciduria.”’ 
Actually, however, the urine pH need not be 
very low for the bicarbonate threshold to be 
increased [97]. During the development of 
experimental potassium depletion, in fact, the 
PH of the daily urine collections tends to rise 
[77,83,84| and the normal nocturnal aciduria 
disappears [83]. In primary aldosteronism all 
urine specimens are relatively alkaline, the pH 
rapidly becoming more acid when the potassium 
deficit is repaired [47,48,70,704). 

Despite the tendency toward a high urinary 
PH in potassium depletion, there is no reduction 
in excretion of ammonium. The urine excretion 
of this ion in depleted humans is higher than 
would be anticipated from the urine pH [7,84] 
and administration of potassium rapidly returns 
it to more normal levels. Increased urine am- 
monium excretion has also been noted in experi- 
mentally depleted rats [72] and dogs [24]. The 
increase in renal glutaminase, which has already 
been mentioned as a consequence of experi- 
mental potassium depletion [72,24], may be one 
cause of the increased ammonia, but other factors 
such as the reduction in tubular cell pH and 
potassium concentration, and the tendency for 
increased sodium reabsorption [76—78,85|] may 
play important roles. In patients with aldostero- 
nism the relatively high urinary ammonium may 
be due in part to the direct tubular action of the 


aldosterone, since it has been shown that ad- 
ministration of sodium-active steroids to normal 
subjects causes an immediate rise in ammonium 
excretion [705], presumably by increasing the 
reabsorption of sodium at the site at which 
ammonia enters the filtrate. In normal subjects 
given steroids [705] and in those with aldostero- 
nism [20], the ammonium excretion is reduced 
by a low sodium intake. Sodium loading of 
potassium-deficient animals, furthermore, will 
accelerate the already increased ammonium 
excretion [72]. These observations lend more 
support to the suggestion that increased reab- 
sorption of sodium in some way activates am- 
monium excretion. 

Potassium depletion thus appears to produce 
paradoxical effects on the renal tubule. On the 
one hand there is an increased threshold for bi- 
carbonate and a tendency to increased excretion 
of ammonium, both of which suggest an ac- 
celeration of hydrogen secretion. On the other 
hand, there is a tendency for the urine pH to be 
persistently alkaline with the consequent loss of 
modest amounts of bicarbonate in the urine, 
which would seem to indicate a defect in hydro- 
gen ion secretion. It should be noted that the net 
result of these defects tends to stabilize the blood 
bicarbonate since the simultaneous increases in 
ammonium and bicarbonate excretion tend to 
cancel each other. It cannot be stated at present 
whether the bicarbonate “‘leakage’’ represents 
a primary defect in the establishment of hydro- 
gen ion gradients distally in the potassium- 
depleted tubule, whether it is simply a passive 
consequence of the initial increase in ammonium 
excretion, or whether these represent two inde- 
pendent but complementary changes in tubular 
function, one in the proximal tubule and the 
other located more distally. 
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Mechanisms of Renal Tubular Transport’ 


JoHN V. TAGGART, M.D. 
New York, New York 


UR present concepts of renal tubular func- 
O tion are surprisingly recent in their 
origins. The eighty years (1842-1922) that 
followed the publication of Bowman’s classical 
monograph on the structure of the glomerulus 
were more productive of controversy than of 
new information which could be considered 
helpful in appraising the relative contributions 
of glomerular filtration, tubular reabsorption 
and tubular secretion in the elaboration of urine. 
Throughout this period, two principal schools of 
thought contended for supremacy. One, repre- 
senting the views of Bowman, Heidenhain and 
their adherents, held that tubular secretory 
activity accounted for the addition of the 
urinary solutes to water separated from the blood 
by glomerular filtration, the water serving only 
to sweep out the secretory products. Ludwig and 
his followers, in contrast, proposed the forma- 
tion of a protein-free ultrafiltrate of plasma at 
the glomeruli, with subsequent concentration 
of the urinary solutes by water reabsorption in 
the tubules. It is noteworthy that as late as 1917, 
Cushny’s “modern theory” of kidney function 
envisioned little more than the ultrafiltration of 
plasma and the tubular reabsorption of an ideal 
solution approximating Locke’s solution in 
composition. 

The application of micropuncture technics in 
1923 by Richards, Walker and their colleagues 
[7,2] permitted the sampling and analysis of 
capsular and tubular fluids and provided the 
first unequivocal evidence for glomerular ultra- 
filtration, together with information concerning 
the sites and nature of certain of the tubular 
processes. The subsequent development by 
Smith [3] and his associates of suitable methods 
for estimating the volume of the glomerular 
filtrate by clearance technics has enabled the 
renal physiologist to attempt precise appraisals 
of the various tubular activities, both reabsorp- 
tive and secretory. The data collected over the 
past thirty years by micropuncture, clearance 
methods and certain recently developed tech- 


nics, discussed elsewhere in this symposium [4], 
have provided a steadily growing body of know]l- 
edge concerning the quantitative aspects of 
renal function, the multiplicity of tubular trans- 
port processes, the sites within the nephron at 
which the various processes occur and, in some 
instances at least, an indication of the cellular 
activities which operate to accomplish tubular 
transport. Of particular importance to the 
present discussion is the observation that in 
many of the transfer processes solutes move 
across the tubular epithelium against a con- 
centration gradient. 

The present article will deal primarily with 
recent attempts to gain an understanding of the 
biochemical events which underlie the active 
transfer of certain compounds across the renal 
tubule. The problems posed are obviously not 
unique in the kidney. It has long been recog- 
nized that an indispensable property of every 
living cell is the capacity to establish and main- 
tain concentration gradients across the cell 
membrane. The unequal distribution of sodium 
and potassium ions between the extracellular 
and intracellular compartments of skeletal 
muscle provides a classical example. Further- 
more, it is now well established that such con- 
centration gradients are not reflections of a 
selective permeability of the membrane, but are 
dependent upon the continuous metabolic ac- 
tivity of the cell. 


DIFFUSION AND TRANSPORT 


In dealing with the general problem of trans- 
port, a brief consideration of certain terms may 
be useful. A satisfactory definition of active 
transport has proved to be difficult, as has been 
pointed out by Rosenberg [5], Danielli [6] and 
others. It is generally accepted that in the ab- 
sence of filtration, substances move across bio- 
logical membranes by simple diffusion, facilitated 
diffusion, active transport, or by a combination of 
these processes. Simple diffusion signifies that the 
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movement of molecules occurs along a concen- 
tration gradient by thermal agitation and that 
it conforms to Fick’s laws of diffusion. Examples 
of simple diffusion have been described in bio- 
logical systems, such as the penetration of 
ethanol into the human erythrocyte. However, 
when attention is directed to most of the com- 
pounds of biological interest, observable diverg- 
ences from the laws of simple diffusion are 
common. This should not be surprising when it 
is appreciated that Fick’s equations apply to 
ideal limiting conditions and that the conditions 
within the cell membrane are still largely un- 
known. The term facilitated diffusion has been 
used to describe certain of these exceptions. 
Again, movement occurs along a concentration 
gradient to reach the same equilibrium as in 
simple diffusion, but steric factors appear to be 
of importance; the unequal rates at which 
isomeric hexoses penetrate the erythrocyte is an 
example. In facilitated diffusion it is assumed 
that the membrane contains “‘active sites’? at 
which the penetrating substance may combine 
with some cellular component to alter its chem- 
ical properties and therefore its rate of diffu- 
sion through the complex structure of the 
membrane. A specific molecular configuration 
probably underlies the capacity to combine, 
and accounts, as in the present example, for the 
facilitated diffusion of some hexoses and not of 
others. The role of diffusion in the movement of 
certain weak acids and bases across the renal 
tubule is considered in Dr. Milne’s article in 
this symposium. 

The term active transport is generally applied 
only to those systems in which a substance is 
transported across one or more biological mem- 
brane against a concentration gradient (uphill 
transport) at the expense of energy derived from 
the metabolism of the cell. Several limitations of 
this definition should be emphasized. First, ac- 
tive transport undoubtedly operates in some 
systems in which the establishment of a concen- 
tration gradient is not readily demonstrable. 
Since the bulk of glucose absorption from the 
intestine may occur at a time when the concen- 
tration of glucose in the intestinal lumen is 
higher than in the blood, diffusion may appear 
to make an important contribution. However, 
Auchinachie et al. [7] have shown that the 
viable intestinal mucosa actually imposes a con- 
siderable restraint on the passive diffusion of 
glucose. Moreover, the capability of the trans- 
port mechanism to move glucose in an uphill 
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direction has been amply demonstrated both 
in vivo [8] and in vitro [9]. It appears probable 
that active transport participates in the move- 
ment of virtually all the glucose that crosses the 
intestinal mucosa and that diffusion processes 
are only of subsidiary importance. A second 
difficulty that arises in defining active transport 
relates to the dependence on metabolic activity. 
The demonstration that a transport mechanism 
can be inhibited by unfavorable metabolic con- 
ditions, such as anoxia or selective enzyme in- 
hibition, provides only suggestive evidence of 
the active nature of the transport. It should be 
remembered that the maintenance of cellular 
structure is also dependent on continuous 
metabolic activity and that subtle changes in 
membrane structure, for example, could modify 
diffusion processes as well as active transport. 
A fairly large number of transport processes 
fulfilling the requirements mentioned have now 
been studied, and certain additional features 
more or less common to all these systems can be 
described. First, active transport is unidirectional, 
i.e., each transport system appears always to 
move a given substance in a single direction. 
The demonstration that certain substances are 
both reabsorbed and secreted by the renal 
tubule, as with potassium ions, does not refute 
this. The available evidence indicates that 
potassium reabsorption occurs in the proximal 
tubule and potassium secretion at some more 
distal site in the nephron, that is, by different 
transport mechanisms. Second, many active 


transport systems exhibit a non-linear relationship 


between concentration and the rate of transport. Al- 
though the rate of transport can be shown to 
increase as the concentration of material present 
for transport is increased, eventually saturation 
of the mechanism occurs and a fixed maximal 
transfer rate is attained. Such a maximal rate of 
transport in the kidney is designated as Tm. 
The manner in which Tm is approached in the 
kidney varies from system to system. In glucose 
reabsorption [70] or p-aminohippurate secretion 
[77], the affinity of the system for the transported 
compound appears to be great and transport is 
essentially complete up to the point of satura- 
tion. In contrast, appreciable quantities of 
filtered glycine [72] escape reabsorption long 
before the level of saturation is reached, and 
Tm is attained only at load/Tm ratios of 1.5 or 
higher. Wilbrandt [73] has attempted to apply 
the kinetics of enzyme reactions to such renal 
transport systems and has found that the physio- 
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logical data conform quite well to a modification 
of the Michaelis-Menten equation, i.e., the 
equation commonly employed to describe the 
interaction of enzymes and substrates. 

The attainment of a stable maximal rate of 
transport has been interpreted by Shannon [74] 
to indicate that active transport involves the 
reversible combination of the transported com- 
pound with a “‘cellular element” or “carrier” 
present in a constant, but limited amount. The 
demonstration of competitive phenomena, an- 
other common feature of active transport sys- 
tems, is in keeping with the concept of a cellular 
carrier of limited capacity. Thus, when two or 
more compounds share the same _ transport 
mechanism, it may be expected that each will 
tend to displace the other as saturation of the 
mechanism is approached. 

The exact meaning of the term “‘carrier”’ re- 
mains obscure, for neither its chemical nature, 
its site within the cell, nor its manner of com- 
bination with the transported compound can be 
described for any known transport system. In 
the discussion that follows, particular attention 
will be given to two representative renal trans- 
port systems: (1) glucose reabsorption, and (2) 
the tubular secretion of p-aminohippurate and 
related compounds. This arbitrary limitation to 
systems which transport organic compounds 
may seem unduly restrictive, especially when 
it is recognized that the major tasks of the kidney 
are concerned with the transport of the strong 
electrolytes. The latter, however, are dealt with 
in other contributions to this symposium. The 
biochemist’s familiarity with the reactions of 
organic compounds in metabolic processes and 
with many of the pertinent enzymes accounts 
in part for the attention which the transport of 
organic compounds has received. It has seemed 
reasonable to expect that the relative abun- 
dance of information concerning glucose metab- 
olism should be helpful in revealing the details 
of glucose transport. A different situation ob- 
tains in the case of tubular secretion, for in this 
instance we are dealing with a group of com- 
pounds which have no known fate other than 
excretion. Consequently, any observable meta- 
bolic reactions in which they participate within 
the cell may be suspected to be related to the 
transport process. It can be stated at the outset 
that the information acquired thus far is frag- 
mentary and inadequate to describe either of 
these systems in precise biochemical terms. 
However, a sampling of the accumulated ex- 
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perience may be of interest if it serves to de- 
lineate more clearly the nature of the problem 
and to reveal some of the limitations of current 
approaches. 


GLUCOSE REABSORPTION 


Physiological Aspects. The reabsorption of glu- 
cose across the renal tubular epithelium appears 
to have all the qualities of an active transport 
process. Micropuncture studies in necturus, 
frog, guinea pig and rat [2,/5|] have shown the 
concentration of glucose in the glomerular 
filtrate to be the same as that in the plasma 
water. Samples of tubule fluid obtained at suc- 
cessively lower levels reveal a progressive de- 
cline in glucose concentration, so that glucose 
reabsorption is virtually complete at the mid- 
point of the proximal convolution. It is evident 
that glucose is reabsorbed in advance of water 
and electrolytes and that it is being returned to 
the peritubular fluid against an ever increasing 
concentration gradient. In the phlorizin-treated 
rat, the concentration of glucose in the tubular 
urine was increased and U/P ratios as high as 
3 were observed at the mid-point of the proximal 
segment. In the phlorizinized guinea pig, it is 
noteworthy that creatinine, which is neither re- 
absorbed or secreted by the tubules, and glucose 
were concentrated to the same degree. This ob- 
servation indicates that negligible quantities of 
glucose could diffuse across the tubule, even 
though a concentration gradient favoring diffu- 
sion into the peritubular fluid had been created 
by the reabsorption of water and electrolytes. 
Additional evidence of the relative impermeabil- 
ity of the tubule to the passive diffusion of 
glucose has been obtained by other technics in 
the frog by Héber [76] and in the dog by 
Chinard [77] 

Glucose reabsorption in the intact kidney has 
been examined in a variety of experimental 
circumstances by clearance technics. Stable 
maximal rates of glucose transport (Tm,) are 
readily demonstrable in the dog [7/0] and in man 
[78]. As already noted, an analysis of the data 
by Shannon [74] led him to propose that glucose 
transport involves a sequence of two reactions: 
(1) a reversible combination of glucose with the 
hypothetical cellular carrier, and (2) dissocia- 
tion or decomposition of the carrier complex. In 
this sequence, the second reaction appeared to 
be first-order in type and rate-limiting for the 
over-all process. 

The specificity of the glucose transporting 
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mechanism is not well established. Galactose 
[79], fructose [20] and xylose [27] are all partially 
reabsorbed from the glomerular filtrate in the 
species in which these sugars have been ex- 
amined. In the dog, not more than 70 per cent 
of filtered fructose or 20 per cent of filtered 
xylose is reabsorbed even at low plasma levels. 
When the plasma levels of these three sugars are 
raised to high levels, the quantity reabsorbed 
increases, but limiting rates of transport (Tm) 
have never been observed. Attempts.to demon- 
strate mutual interference for reabsorption be- 
tween glucose, fructose and galactose have not 
been conclusive, but a sufficient elevation of the 
plasma glucose to produce glycosuria blocks the 
reabsorption of xylose almost completely. The 
reabsorption of all four sugars is inhibited by 
phlorizin. 

Biochemical Aspects. Speculations concerning 
the nature of glucose transport have necessarily 
reflected basic developments in physiology and 
biochemistry. The early elucidation of the 
metabolic pathways in fermentation and anaero- 
bic glycolysis revealed the important roles of 
the hexose phosphates and focused attention on 
these compounds as possible intermediates in 
sugar transport, both in the kidney and intestine. 
Lundsgaard [22] in 1933 first demonstrated that 
phlorizin interfered with the formation of hexose 
phosphates in muscle extracts, a finding later 
confirmed by Kalckar [23] in kidney minces. 
Subsequent studies by Shapiro [24], and Lot- 
speich and Keller [25] have shown that phlorizin 
inhibits the oxidative reactions of the citric acid 
cycle and the generation of adenosinetriphos- 
phate (ATP) which normally accompanies these 
reactions. In addition, the ability of phlorizin to 
inhibit the phosphatases that hydrolyze hexose 
phosphates is well known. The demonstration 
that kidney and intestine are capable of suc- 
cessively phosphorylating and dephosphorylat- 
ing glucose, and that phlorizin can inhibit either 
of these processes, has provided the basis for a 
widely accepted scheme to account for glucose 
transport. 

According to the “‘phosphorylation-dephos- 
phorylation” theory, glucose penetrates the 
luminal membrane of the tubule cell by diffu- 
sion and, in the adjacent cytoplasm, is con- 
verted to glucose-6-phosphate at the expense of 
ATP (hexokinase reaction). The removal of free 
glucose by phosphorylation is regarded as a 
device for establishing a concentration gradient 
across the luminal membrane favorable to the 
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continued inward diffusion of glucose. The 
second reaction of transport, hydrolysis of the 
hexose phosphate (phosphatase reaction), is pre- 
sumed to occur at a site within the cell further 
removed from the lumen than that of phos- 
phorylation. It is essential that the second 
reaction yields free glucose in a concentration 
sufficiently higher than that of the interstitial 
fluid to permit outward diffusion through the 
peritubular membrane. 

Evidence directly supporting the concept that 
phosphorylation and dephosphorylation par- 
ticipate in the transfer of glucose in the kidney 
or intestine is lacking. Although alkaline phos- 
phatase has been shown by histochemical tech- 
nics [26] to be abundantly present in the region 
of the brush border of the proximal tubule, the 
enzyme so located cannot function solely in 
glucose reabsorption, for its presence has been 
demonstrated in the “‘proximal” segments of 
aglomerular species (goosefish, toadfish, pipe- 
fish) as well as in glomerular species [27]. With 
regard to the intestinal absorption of sugars, 
several investigators [28-30] have reported that 
the ability of intestinal mucosa homogenates to 
phosphorylate various sugars roughly parallels 
the absorption rates of these sugars. 

Various lines of evidence seem inconsistent 
with the phosphorylation theory. Frequently 
noted are the discrepancies between the doses of 
phlorizin required to produce maximal glyco- 
suria and the concentrations needed in vitro to 
inhibit phosphorylation and dephosphorylation 
mechanisms. Such discrepancies obtain even 
when it is assumed that the administered 
phlorizin localizes exclusively, but is uniformly 
distributed, in the kidneys. Of course, an even 
more specific localization at its site of action 
cannot be excluded. Another disturbing ob- 
servation comes from the studies of Dratz and 
Handler [37], who injected radioactive ortho- 
phosphate into cats and subsequently followed 
the rate of turnover of glucose-6-phosphate in 
the kidneys. The turnover rate appeared to be 
very slow and was not significantly altered 
either by glucose loading or by the administra- 
tion of phlorizin. In addition, Cori [32] has 
commented on the absence of glycosuria in von 
Gierke’s disease, a condition in which histo- 
chemical technics reveal a striking deficiency of 
the specific glucose-6-phosphatase in the prox- 
imal tubule. Perhaps the most serious objec- 
tion to the phosphorylation-dephosphorylation 
theory arises from the cytoplasmic nature of the 
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Fic. 1. Representative sugars actively transported by sacs of everted small intes- 
tine of the golden hamster. From: Wirtson, T. H. and Crane, R. K. The spe- 
cificity of sugar transport by hamster intestine. Biochem. et Biophys. Acta [38]. 


proposed carrier. In the cytoplasm-carrier type 
of mechanism the cell membranes are presumed 
to be permeable to the transported compound, 
but relatively impermeable to the transport 
intermediate. Evidence that glucose does not 
readily penetrate the tubular epithelium by 
passive diffusion has already been cited. An 
additional apparent defect of the cytoplasm- 
carrier mechanism emphasized by Wilbrandt 
[73] is that it provides no barrier to the back 
diffusion of free glucose from reaction 2 to the 
site of reaction 1, so that appreciable quantities 
of glucose might be expected to recycle continu- 
ously through the two reactions at a consider- 
able cost in efficiency. 

Probably the most significant contributions 
to an understanding of glucose transport have 
come from recent studies on the intestinal ab- 
sorption of sugars. Although it is not certain 
that similar mechanisms operate in the kidney 
and intestine, the same theory has been pro- 
posed to account for sugar transport in both 


organs. Two natural sugars, glucose and galac- 


tose, and a synthetic derivative, 3-methy]l- 
glucose, are absorbed from the small intestine 
of the rat and other animals at rates consider- 
ably greater than are observed with any of the 
other sugars tested [33,34]. Sols [35], who has 
recently reappraised the substrate specificity of 
the hexokinase present in the intestinal mucosa 
of the rat, has found that neither galactose or 
3-methylglucose is phosphorylated to an ap- 
preciable degree. Inadequate methods for the 
assay of hexokinase activity probably account 
for the earlier contrary reports. That all three of 
these sugars are actively transported by the 
intestine in vitro has been conclusively demon- 
strated by Wilson and Wiseman [9], and Wilson 
and Vincent [36]. Sacs of everted small intestine 
of the hamster or rat accumulate glucose, 
galactose and 3-methylglucose against significant 


concentration gradients. The accumulation 
process is dependent on aerobiasis and is in- 
hibited by low concentrations of phlorizin or 
dinitrophenol. Crane and Krane [37], and 
Wilson and Crane [38] have examined a variety 
of sugars by this technic in an attempt to learn 
whether or not any specific molecular configura- 
tion is required for active transport. D-Glucose, 
D-galactose and 3-methyl-D-glucose are ac- 
cumulated at relatively high rates; 6-deoxy-D- 
glucose and 7-deoxy-D-glucoheptose at inter- 
mediate rates; and 1-deoxy-D-glucose, 6-deoxy- 
D-galactose, D-allose and D-glucohepulose at 
somewhat lower rates. No active transport could 
be demonstrated with D-fructose, D-mannose, 
2-deoxy-D-glucose, L-galactose, D-glucosamine, 
D-xylose or a number of other 5-, 6- and 7-car- 
bon sugars. Some of the representative hexoses 
actively transported by the small intestine in 
the hamster are shown in Figure 1. From these 
studies, the authors have concluded that a gen- 
eralization can be made regarding the specificity 
of the transport mechanism. All the sugars 
actively transported have in common a D-pyra- 
nose structure (1,5-oxygen bridge), a methyl or 
substituted methyl group attached to carbon-5, 
and a hydroxyl group in the glucose configura- 
tion at carbon-2. It is of particular interest that 
6-deoxy and 1-deoxyglucose are transported, for 
these compounds exclude the possibility of 
phosphorylation at the sites previously con- 
sidered to be of major importance in speculations 
on glucose transport. 

Krane and Crane [40] have recently demon- 
strated that D-galactose, a sugar reabsorbed by 
the renal tubule and metabolized by kidney 
tissue at a low rate, is actively accumulated 
in vitro by slices of renal cortex from the rabbit. 


*The accumulation occurs against a concentra- 


tion gradient, is dependent on aerobic metab- 
olism, and is inhibited by phlorizin, dinitro-o- 
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cresol or D-glucose, but not by D-xylose. It 
appears probable that the accumulation of 
galactose by kidney slices in vitro reflects the 
capacity of the renal tubule to reabsorb this 
sugar in vivo. Studies with phlorizin in this sys- 
tem appear to throw new light on the mode of 
action of this agent. When the active accumula- 
tion of galactose is blocked by dinitro-o-cresol, 
the concentration of galactose in the slices 
reaches an equilibrium value approximating 
90 per cent of that in the surrounding medium, 
presumably by diffusion. The addition of 
phlorizin to the inhibited system slows the rate 
at which the equilibrium is attained, a finding 
which suggests that phlorizin does not act 
primarily on the active transport system, but 
that it may act at the cell membrane to limit 
the penetration of sugars by diffusion. 

Attention may now be directed to other 
metabolic processes which have been considered 
in relation to glucose transport. The possibility 
that transport might involve the cleavage of 
glucose into 3-carbon units with subsequent re- 
combination, or that it might occur via the 
reactions of the pentose-phosphate pathway, 
appears to have been excluded by the studies of 
Chinard et al. [77]. Glucose-1-C'‘ injected into 
the renal artery of the dog and recovered from 
the renal venous blood showed no redistribution 
of the isotopic labeling. It must be concluded that 
glucose is transported by the renal tubule as an 
intact 6-carbon unit. 

The most novel mechanism yet proposed for 
glucose transport is that of Kesten [47], who has 
found that the kidney contains mutarotase, an 
enzyme which catalyzes the interconversion of 
the a- and 8-forms of D-glucose, D-galactose, 
D-xylose and L-arabinose. Mutarotase is an- 
other in the growing list of enzymes that can be 
inhibited by phlorizin. According to Kesten’s 
hypothesis, glucose in the glomerular filtrate is 
predominantly of the a-configuration. As the 
filtrate enters the tubule, the action of mutaro- 
tase is believed to yield some form, intermediate 
between the a- and §-configurations, which 
diffuses passively into the peritubular fluid. It 
is assumed that the abundance of this form is 
kept low in the arterial blood, and hence in the 
glomerular filtrate and peritubular fluid, by its 
prompt removal and utilization by tissues other 
than the kidney. The postulated mechanism 
would require no expenditure of energy by the 
kidney in glucose reabsorption, for mutarotation 
is a reaction approaching equilibrium and 


MAY, 1958 


therefore is energy-yielding. It is difficult to 
conceive that such a mechanism could accom- 
plish the complete reabsorption of glucose. Some 
of the findings already mentioned appear to be 
inconsistent with this theory. If galactose ac- 
cumulation by kidney slices is related to the 
tubular reabsorption of this sugar, a passive 
process can be excluded by the fact that the 
accumulation occurs against a concentration 
gradient. Mutarotation obviously cannot ac- 
count for the uphill transport of sugars ob- 
served in vitro with the intestinal mucosa. 


TUBULAR SECRETORY MECHANISMS 


Physiological Aspects. Many substances are 
added to the urine by tubular secretion, that is, 
by transport from the peritubular fluid into the 
tubular lumen. Clearance studies in various 
species have served to identify several independ- 
ent transport mechanisms, one being responsible 
for the secretion of a variety of weak organic 


acids, another for several organic bases and. 


tetraethylammonium ion, and still others for 
creatinjne, uric acid (birds and reptiles) and 
urea (frog) [42]. 

The mechanism studied most extensively is 
that which secretes the various weak organic 
acids, such as the phenolsulfonphthalein dyes, 
p-aminohippurate, diodrast®, penicillin, and 
certain glucuronides and ethereal sulfates. 
Studies in several species indicate that the trans- 
port process is limited to the proximal convolu- 
tion. Maximal rates of transport (Tm) have 
been demonstrated with phenol red [43], dio- 
drast [44] and p-aminohippurate [45], and the 
ability of the various compounds to compete 
with one another for transport provides con- 
vincing evidence that they share a common 
secretory mechanism. The physiological sig- 
nificance of this transport mechanism remains 
obscure, for most of the compounds handled by 
it are foreign to the body. Sperber [46] and 
others have emphasized its possible importance 
in the removal of “‘detoxication products,” and 
evidence is accumulating that it may constitute 
an important route for the excretion of certain 
biological conjugates, such as the glucuronides 
of adrenal steroid metabolites [47]. 

Biochemical Aspects. The advantages of this 
system for biochemical studies on transport are 
several-fold. The transport system appears to be 
present in all the vertebrates, thus permitting 
valuable comparative biochemical correlations. 
Most of the compounds transported are des- 
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tined only for excretion and, therefore, presum- 
ably do not enter into metabolic reactions un- 
related to transport. Finally, the secretory 
mechanism can be studied quantitatively both 
in the intact kidney and in in vitro preparations. 

The in vitro preparations which have proved 
to be of value in these studies include tissue 
cultured cystic explants of the chicken meso- 
nephros [48], the isolated renal tubules of various 
fishes [49,50] and slices of mammalian kidney 
cortex [57,52]. In each of these preparations the 
accumulation of the transported compound 
against a concentration gradient is readily 
demonstrated. In isolated tubules of the floun- 
der, phenol red accumulates within the tubular 
lumen in concentrations which may reach 
values several hundredfold that in the surround- 
ing medium. No staining of the tubular epi- 
thelium is apparent and it seems unlikely that 
storage within the cell is of quantitative impor- 
tance. Slices of mammalian kidney cortex differ 
in that the accumulation of the dye appears to 
be predominantly intracellular, but is limited 
to the cells of the proximal tubular segment 
[53]. This apparent defect of in vitro mammalian 
preparations cannot be explained, but its oc- 
currence suggests that the secretory mechanism 
involves at least two distinct and separable 
processes, (1) the movement of dye from peri- 
tubular fluid into the cell, and (2) movement 
from the cell into the tubular lumen. There is 
no reason for suspecting that the intracellular 
accumulation is an artefact unrelated to trans- 
port, for most of the phenomena which have 
been demonstrated by this technic have proved 
to be applicable to function in the intact kidney 
as well. 

The tubular secretory mechanism is com- 
pletely dependent upon aerobic metabolism, 
being biocked by anaerobiasis, by inhibitors of 
the cytochrome-cytochrome oxidase system of 
electron transfer, or by inhibitors of the oxida- 
tive reactions of the tricarboxylic acid cycle 
[57,54]. This dependence on aerobic metabolism 
appears to be related to the requirement of the 
transport system for energy-rich phosphates, 
such as ATP, which are generated by these 
oxidative reactions. Dinitrophenol and other 
agents which “‘uncouple” aerobic phosphoryla- 
tion, i.e., block the generation of ATP without 
depressing respiration, have been shown to 
inhibit the secretory mechanism both in vitro 
[50,55] and in vivo [56]. The manner in which 
phosphate bond energy is utilized in transport 


remains obscure, but several of the more obvious 
possibilities merit comment. First, there is no 
evidence to suggest that any of the transported 
compounds undergoes reversible phosphoryla- 
tion. It would appear much more likely that the 
hypothetical cellular carrier is the element of 
the transport system which must be raised to 
some more reactive state at the expense of 
phosphate bond energy. Finally, as mentioned 
earlier, interference with energy transfers within 
the cell may produce structural alteration which 
could account in part, but not entirely, for the 
observed effects. 

The search for an appropriate cellular car- 
rier in this system can be dealt with most con- 
veniently in a chronological account. Early 
experiments [57] revealed that certain normal 
metabolic intermediates can exert profound 
effects on the transport of p-aminohippurate. 
The most striking was the finding that low con- 
centrations of acetate are capable of doubling 
the rate of PAH transport in kidney slices from 
the rabbit. This effect was confirmed by clear- 
ance technics in the dog with the demonstration 
that the Tm of PAH could be raised abruptly 
by intravenous infusions of acetate [57]. By con- 
trast, PAH transport is markedly inhibited by 
low concentrations of the dicarboxylic acids of 
the tricarboxylic acid cycle, by certain amino 
acids (L-glutamate and L-alanine) and by the 
fatty acids of intermediate carbon chain length 
(C5-Cyo). Neither the augmentation nor depres- 
sion of transport by the various substrates can 
be related to effects on cellular respiration or 
changes in acid-base balance. 

It appeared reasonable that a clarification of 
these substrate effects would provide informa- 
tion concerning the nature of the transport 
mechanism. The apparently unique stimula- 
tory effect of acetate suggested the possible par- 
ticipation of acetyl-coenzyme A as an important 
rate-limiting cellular component of the system. 
Largely on this basis, it was proposed [58] that 
acetyl-CoA might represent the activated carrier 
and that PAH transport might involve an acyl- 
exchange reaction to yield p-aminohippury]l- 
CoA as the transport intermediate. Subsequent 
studies of coenzyme A-dependent systems in the 
kidney, however, provided an alternative ex- 
planation for the acetate effect [59]. The kidney 
was found to contain enzymes capable of 
synthesizing a variety of acyl-glycine conjugates. 
Acetate and the fatty acids are converted in the 
presence of ATP, CoA and the appropriate 
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activating enzymes into the corresponding ali- 
phatic acyl derivatives of CoA. These in turn 
react with glycine, under the influence of the 
enzyme glycine-N-acylase, to yield the corre- 
sponding aliphatic acylglycines. The structural 
similarity of these compounds to p-aminohip- 
purate, an aromatic acylglycine, prompted a 
study of their accumulation in kidney slices and 
an appraisal of their ability to compete with 
PAH for transport. It was found that acetyl- 
glycine, owing to its instability in the kidney, 
neither accumulates nor competes. Propionyl- 
glycine and butyrylglycine are weak competi- 
tors, but when the acyl group is lengthened to 
5 or more carbons the aliphatic acylglycines are 
actively accumulated and become potent com- 
petitors with PAH for transport. These observa- 
tions can be interpreted to account for both the 
stimulatory effect of acetate and the inhibitory 
effects of the fatty acids of intermediate chain 
length. The latter simply give rise to competitive 
acylglycines. It is probable that PAH transport, 
at least as observed in kidney slices or in the 
intact animal at Tm levels, is always partially 
inhibited by certain aliphatic acylglycines aris- 
ing from the acyl-CoA’s present in the main 
channel of fatty acid oxidation and synthesis. 
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The addition of acetate to the system should 
yield acetyl-CoA in relative abundance and 
should promote the synthesis of acetylglycine 
at the expense of the longer chained inhibitory 
acylglycines. Since acetylglycine is not effective 
as a competitor, the net effect of adding acetate 
is to remove an endogenous inhibition of trans- 
port. This hypothesis is supported by the finding 
that acetate stimulates PAH transport only in 
those species which possess the glycine conjuga- 
tion system; acetate has no effect in the species 
lacking this synthetic capacity. Although the 
studies relating to coenzyme A have provided 
plausible explanations for some of the sub- 
strate effects, they shed little light on the nature 
of the transport mechanism. They emphasize, 
however, the manner in which unrelated 
metabolic activities of the cell may influence the 
transport process. 

Figure 2 presents the structures of representa- 
tive compounds which share the common secre- 
tory pathway. Compounds | to vu can be classed 
in two groups: the carboxylic acids (p-amino- 
hippurate, n-valeryl-glycine, diodrast, penicillin 
and menthol glucuronide) and the sulfonic acids 
(phenolsulfonphthalein and resorcinal disulfate). 
It has been assumed that the anionic group 
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(—COO- or —SO;-) is of primary importance 
in whatever interaction occurs between the trans- 
ported compound and the cellular carrier. 
Chemical substitution of the carboxyl group in 
PAH, as in p-aminohippurhydroxamate, has 
been shown to abolish transport, whereas sub- 
stitutions on other potentially reactive groups 
have negligible effects [60]. In an attempt to 
determine the nature of the chemical bonding 
involved, PAH labeled in the carboxyl group 
with O'® has been utilized [60]. The labeled 
material was infused into the renal artery of a 
dog and recovered from the urine. Transport 
of the PAH across the tubular epithelium re- 
sulted in no loss of O'* from the carboxyl group. 
This finding excludes several important types of 
covalent linkage between the carboxyl group 
and carrier, for either their formation (amide, 
thiol ester) or subsequent hydrolysis (ester) 
would lead to a loss of O'* from the carboxyl 
group. A mixed carboxylic-phosphoric anhy- 
dride (—CO—O—P—-), such as occurs in the 
acyladenylates, remains a possibility and Keller- 
man [67] has recently shown that benzoyl- and 
hippuryladenylates can be prepared syntheti- 
cally, and subsequently hydrolyzed by a renal 
enzyme in such a manner that the original 
carboxyl oxygens would be retained. However, 
no evidence has been obtained to indicate that 
the kidney is capable of forming acyladenylates 
of any of the transported compounds. 

Beyer’s recent observation [62] that chloro- 
thiazide (vim, Fig. 2) is secreted by the renal 
tubule is of particular interest, for this compound 
contains neither a free carboxylic nor sulfonic 
acid group. Studies of the accumulation of 
chlorothiazide by kidney slices in Beyer’s labo- 
ratory and in our own provide quite convincing 
evidence that chlorothiazide is transported by 
the same secretory mechanism. If this conclusion 
is correct, one can apparently dismiss from 
future consideration any mechanism which 
entails a covalent bonding between the cellular 
carrier and a carboxylic or sulfonic acid group. 

Hdber [63], in reviewing his experiences with 
a series of sulfonate dyes, noted some years ago 
that the transported dyes have a bipolar struc- 
ture, one end of the molecule being predomi- 
nantly hydrophilic and the other organophilic. 
It is worth noting that the structures presented 
in Figure 2 still appear to share this feature with 
Hdber’s original dyestuffs. This is particularly 
true of the series of aliphatic acylglycines (cf. 
u, Fig. 2) in which transport does not become 


evident until the aliphatic group is sufficiently 
long to acquire an organophilic-hydrophobic 
character. The physiological significance of this 
bipolar configuration is uncertain, but Héber 
has suggested that it may be of importance in 
orienting the molecule at the cell surface prior 
to its entry into the active transport system. 


SUMMARY 


It is evident from the present review that we 
are still far removed from a real understanding 
of the nature of active transport processes. The 
manner in which metabolic energy can direct 
the orderly movement of molecules across bio- 
logical membranes against an electrochemical 
potential remains obscure. It is probably sig- 
nificant that the experiences with two repre- 
sentative transport systems have led to similar 
conclusions. In these instances, at least, the 
application of current biochemical concepts and 
technics has served to eliminate many of the 
mechanisms proposed in the past on rather 
superficial grounds. The rapidly growing body 
of information in this field should aid in the 
formulation of future research efforts which 
may be expected to shed new light on the basic 
mechanisms involved. 
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Clinical Patterns of Tubular Dysfunction’ 


GILBERT H. MuDGE, M.D. 


Baltimore, Maryland 


INCE the time of Richard Bright’s paper in 
1827 it has been customary to associate the 
term ‘“‘chronic renal insufficiency’? with the 
clinicopathological findings described by him. 
Nitrogen retention, albuminuria, metabolic 
acidosis and anemia are commonly observed. 
Even though the pathogenesis of each of these 
manifestations has not been completely eluci- 
dated, there is general agreement that they are 
associated with failure of total renal function, 
i.e., a decrease in the number of normally 
functioning nephrons with a corresponding fall 
in filtration rate and depression of the various 
tubular functions. Chronic glomerulonephritis, 
arteriolar nephrosclerosis and pyelonephritis are 
the most common causes, but many other dis- 
eases lead to essentially the same pattern of 
uremic renal insufficiency. 

Within the past several decades increasing at- 
tention has been focused upon a variety of 
syndromes which contrast with the condition 
described by Bright. Some of these are quite 
rare but all appear to have in common a type of 
chronic renal insufficiency that is characterized 
primarily by defects in one or more tubular func- 
tions. Although albuminuria and _ nitrogen 
retention are usually absent, variable degrees 
of glomerular insufficiency may eventually 
develop, apparently as a consequence of general 
metabolic disturbances secondary to the tubular 
defect. However, even in these instances glomer- 
ular insufficiency is not necessarily marked and 
the disease picture is dominated by the tubular 
abnormality. 

Current interest in these disorders stems 
largely from three considerations. First, many 
tubular defects fall under the category of “‘revers- 
ible renal insufficiency.” This is not to imply that 
the primary defect necessarily can be corrected, 
but rather to emphasize that the results of proper 
replacement therapy are often dramatic. The 
management of chronic uremia has always 
represented a rather dismal area in therapeutics. 


In contrast, even though tubular defects may 
lead to rather striking physiological derange- 
ments, appropriate therapy may often be under- 
taken with optimism since the specificity of the 
defect implies a normal reserve for other renal 
functions. Second, these syndromes present a 
unique opportunity for the study of renal mecha- 
nisms. While the experimental physiologist has 
been able to describe many aspects of tubular 
function, it is not unreasonable to believe that 
future studies of spontaneous disease may be 
more productive than controlled laboratory 
experiments. And third, this group of disorders 
has become an area of major interest to medical 
genetics. For case finding studies, an abnormality 
in renal function may provide a readily identi- 
fiable “‘marker’’ which can be detected by rather 
simple chemical examination of either the blood 
or urine. Many studies of inborn errors of 
metabolism have emphasized the abnormal 
events in a sequence of intracellular metabolic 
reactions; these errors may also be reflected as 
abnormalities of active transport. The renal 
tubule constitutes one of the few organs in which 
transport across an epithelial membrane can be 
studied in the intact subject by accurate and 
quantitative technics. 

It is of some historical interest that one of the 
first abnormalities to be described was that of 
uric acid excretion in the Dalmatian coach 
hound. The student of medicine has long been 
familiar with the fact that an abnormality in 
urate metabolism occurs in this breed [7] but it 
was not until the study of Friedman and Byers 
in 1948 [2] that the nature of the metabolic 
defect was clarified. It had previously been held 


‘that increased urate excretion was attributable 


to its failure to be converted to allantoin. Studies 
of renal excretion showed that non-Dalmatian 
dogs excreted about one-fourth of the filtered 
urate, while the Dalmatian excreted all of it. 
When urinary excretion was prevented by 
ureteral ligation, the subsequent changes in 


*From the Department of Pharmacology and Experimental Therapeutics, The Johns Hopkins University, School 
of Medicine, Baltimore, Maryland. 
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plasma levels indicated that the Dalmatian 
was able to convert approximately 75 per cent 
of the retained urate to allantoin. Thus the pri- 
mary metabolic abnormality is a tubular defect 
in urate reabsorption. Subsequent studies have 
indicated that this is transmitted by a single 
recessive gene [3]. Our concepts of essential 
cystinuria in man have followed a similar course; 
a metabolic derangement of cystine metabolism 
was formerly considered to be the underlying 
mechanism until the studies of Dent [4] demon- 
strated a renal tubular defect. 

Parenthetically, the frequency of the various 
tubular disorders in man appears relatively high 
compared to their known incidence in laboratory 
animals, but this is probably simply a reflection 
of the number of studies reported. Cystinuria in 
canines has been described as a genetically 
determined variant, but quantitative studies on 
renal mechanisms are not available [5]. Some 
strains of mice excrete exceptionally large 
amounts of taurine at normal plasma levels, 
suggesting an inheritable variant of renal func- 
tion [6]. Further studies in suitable laboratory 
animals might clarify many problems by the use 
of direct technics that cannot be applied to man. 

In classifying defects of tubular function a 
reasonable point of departure might be to con- 
sider the known functions of the tubule and then 
to list corresponding instances of dysfunction. 
However, this would not necessarily be a realistic 
approach because of the tremendous overlap in 
the observed clinical syndromes. For example, 
Dent [7] has reported two siblings with renal 
hypophosphatemia. While various genetic con- 
siderations would indicate that both were suf- 
fering from the same disease, on further examina- 
tion it was found that one patient had renal 
glycosuria but the other did not. Were these 
varying manifestations of a single underlying 
disorder or were they two separate and distinct 
renal abnormalities? Obviously, rigid classifica- 
tions are in themselves unproductive. Neverthe- 
less, it may serve some purpose to emphasize 
both the number of observed syndromes as well 
as the apparent defects of individual functions. 

A variety of different mechanisms may be 
envisaged by which a genetic variant becomes 
manifest as an abnormal pattern of urinary 
excretion. (1) If the trait expressed itself as a 
block in a sequence of extra-renal metabolic 
reactions, this would result in an increase in the 
concentration of metabolic intermediates in 
body fluids, which might consequently be ex- 


creted in increased amounts by the kidney. As 
an example, the defect in phenylketonuria is 
characterized by a marked elevation in the 
plasma concentration of phenylalanine with an 
approximately proportional increase in its rate 
of excretion in the urine [77]. This is an example 
of an “‘overflow” type of phenomenon, giving 
rise to an increase in total excretion and repre- 
senting a normal renal response to an increased 
load. (2) The variant might express itself as an 
abnormality of tubular transport. In the case of 
impaired reabsorption, this would result in 
excessively high clearance of the substance under 
consideration (see for example, essential cys- 
tinuria). (3) The genetic defect, while having a 
direct primary action on a single renal transport 
system, might so alter normal homeostatic 
mechanisms that other tubular functions would 
eventually be jeopardized. Although not estab- 
lished unequivocally, interactions of this type 
may be involved when multiple transport sys- 
tems appear to be affected by a single genetic 
variant. (4) The trait might involve an extra- 
renal metabolic reaction and give rise to an 
increase in plasma concentration and the rate of 
excretion of an abnormal metabolite, and this, 
in turn, might impair the tubular transport of an 
apparently unrelated substance. The renal 
aminoaciduria of galactosemia has been at- 
tributed to this sequence of reactions. And, 
(5) Harris [9] has suggested the possibility that 
certain diffuse disorders may be attributed to a 
defect in the active transport systems of more 
than one organ. Thus, if a single cellular com- 
ponent were required for transport across the 
renal tubule as well as other cellular membranes 
(blood-brain barrier, for example), the defect 
might be most obvious in the pattern of urinary 
excretion because of the ease with which renal 
function may be evaluated, but similar events 
might be occurring in less accessible tissues. 
While there is no unequivocal example of this, 
Harris suggests the complex manifestations of 
Hartnup’s disease as a possibility. 

The technics of genetics may be productive in 
describing not only the patterns of inheritance 
but also the functional attributes of certain 
processes. Studies of essential cystinuria have 
suggested a common reabsorptive mechanism 
for lysine, cystine, ornithine and arginine [70]. 
In addition, on the basis of the behavior of 
presumed heterozygotes, it has been postulated 
that the transport mechanism has a greater 
affinity for arginine and ornithine than for 
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cystine and lysine. However, caution is advised 
against too rigid an application of genetic 
principles. It is often impossible to distinguish 
between primary phenotypic manifestations and 
secondary metabolic derangements, and it should 
not be presumed that all tubular syndromes 
are inborn errors. Heavy metal poisoning, in 
particular, may mimic a variety of congenital 
defects. Infections are common sequelae, espe- 
cially when the primary disorder leads to nephro- 
lithiasis or nephrocalcinosis. Although there is 
no known specific tubular defect which has 
been proved to be the result of a primary infec- 
tion, there is no a priori reason for excluding this 
as a possibility. 

At the present time the major difficulty in the 
evaluation of an abnormal pattern of urinary 
excretion is to determine whether it is of the 
‘““overflow type” or primarily renal in origin. 
The following possibilities arise in consideration 
of quantitative measurements: (1) The overflow 
type of increased excretion. This is not a primary 
tubular defect and is associated with an extra- 
renal disturbance giving rise to abnormally 
high plasma levels. Although total excretion 
may be increased, renal function may be con- 
sidered unimpaired since the renal clearance 
of the metabolite is normal in relation to the 
increased load. (2) Increase in renal clearance with 
increase in total excretion. This is the most common 
relationship encountered in the tubular dis- 
orders in man. An increase in renal clearance 
(UV/P) might result from an increase in the 
amount excreted (UV), or from a decrease in the 
plasma concentration (P), or from a combination 
of both. Often, the most difficult analytical 
problem is the accurate measurement of plasma 
concentration, and it is this value which may be 
most critical in establishing the nature of the 
disorder. (3) Increase in renal clearance with normal 
rate of total excretion. This is the simple conse- 
quence of having UV remain constant in the 
presence of decreased values for P. If syndromes 
of this type were considered only in terms of total 
excretion, there would be no apparent renal 
abnormality. However, renal function is defi- 
nitely impaired since the normal tubule responds 
to a decrease in the plasma concentration of 
most substances by a reduction in the amount 
excreted. This normal response may lead to 
eventual restoration of more normal plasma 
values, and thus the kidney serves a useful role in 
homeostasis. The primary consequence of this 
type of tubular defect is related to the low plasma 
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concentration itself. In most instances an ab- 
normally high clearance is associated with a 
substance that is excreted by filtration and selec- 
tive reabsorption. Supranormal filtration rates or 
a significant decrease in plasma binding have 
not been reported, and therefore an increased 
clearance can usually be attributed to a de- 
creased rate of reabsorption. * With other sub- 
stances which are excreted by tubular secretion, 
an increase in clearance would denote an in- 
crease, rather than a decrease, in the rate of 
tubular transport. The various forms of excessive 
potassium excretion may fall in this category. 

The application of modern technics of renal 
physiology has focused attention on two possible 
interpretations of the general nature of tubular 
defects. Renal glycosuria has probably been 
investigated more thoroughly than any other 
condition and may therefore be used for illus- 
tration. However, the same concepts are prob- 
ably applicable to other syndromes and also to 
both reabsorptive and secretory transport. Renal 
glycosuria is characterized by (1) the appear- 
ance of glucose in the urine at either normal or 
even hypoglycemic levels of plasma glucose 
and (2) the ability of the kidney, as a whole, to 
increase glucose reabsorption when the filtered 
load is elevated. The question may therefore be 
asked—Why does glycosuria appear at normal 
blood levels (i.e., decreased threshold) when the 
maximum capacity to reabsorb glucose (i.e., 
Tm) is only achieved during hyperglycemia? 
The two concepts that have been mostly con- 
sidered may be identified as involving either the 
“nephron population” or the “‘kinetic aspects of 
the transport reactions.” 

The curves of Figure 1 summarize certain 
quantitative relationships between load and 
transport. These are measurements of the total 
function of both kidneys. The line labelled as 
‘theoretical’? would be obtained if two condi- 
tions determined the maximal rate of transport. 
First, it is required that the nephron population 
would be homogeneous to the extent that below 
maximal capacity transport would be propor- 


* Theoretically, a tubular “defect” might consist of 
an abnormally high rate of tubular reabsorption which 
would eventually be characterized by an elevation in the 
plasma level. Clear-cut examples of primary renal de- 
fects of this type have not been definitely established. The 
findings in pseudohypoparathyroidism with elevation of 
plasma phosphate and the absence of the phosphaturic 
response to parathyroid hormone suggest an abnormally 
high phosphate reabsorptive capacity [34]. Detailed 
studies on renal mechanisms are not available. 
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tional to load in any single nephron. In reab- 
sorptive transport, this would mean that glomer- 
uli with high filtration rates would be attached 
to tubules with a large reabsorptive capacity, 
and similarly, small glomeruli would be asso- 
ciated with small tubules. * The events occurring 
within individual nephrons would also be de- 
scribed by the theoretical curve. As the amount 
available for reabsorption was increased, there 
would be a proportional rise in the amount re- 
absorbed until that point was reached at which 
the maximum transport capacity (Tm) of the 
nephron was saturated; beyond this point none 
of the further increase in load would be re- 
absorbed. If the balance between glomerular 
and tubular activity were the same in all 
nephrons, i.e., a homogeneous population, then 
the reabsorptive capacity of each nephron would 
be achieved at the same blood level, and the 
“titration curves’ for the entire kidney would 
be of the same shape as the curve for the single 
nephron. The theoretical curve would therefore 
describe a population of nephrons that are 
homogeneous in respect to glomerulotubular 
balance. If, however, the reabsorptive capacity 
of some tubules was saturated at a relatively 
low blood level, glucose would be excreted in 
the urine derived from the tubules with the low 
“threshold.’’ The titration curve for the entire 
kidney would deviate from the theoretical and 
the degree of deviation, or splay, would be pro- 
portional to the degree of heterogeneity. 

In this consideration, it is assumed that no 
glucose is excreted from an individual nephron 
until the maximum rate of reabsorption for that 
nephron has been saturated. This involves the 
second condition that determines the theoretical 
curve. By application of simple concepts of 
kinetics, it is apparent that the maximal rate of 
transport across an individual cell might be 
achieved only when the substrate concentration 
(or load) was considerably greater than the Tm. 
Under these conditions, glucose would be ex- 
creted by the tubule at loads less than those 
required for complete saturation of the cellular 
mechanism. This would result in a splay in the 
titration curves, both for individual nephrons 
and for the kidney as a whole. In the normal 
kidney variations in the kinetic component 


* For reabsorptive mechanisms, loads are calculated 
as the product of plasma concentration and filtration 
rate; for secretory processes, as the amount delivered by 
the renal blood flow to the tubules. The same general 
considerations apply to each type of load. 


depend primarily on the transport system under 
consideration. In the dog, there is only an in- 
significant degree of splay for p-aminohippurate 
(PAH), phosphate and sulfate [72-74]. For 
glycine, however, maximal transport capacity is 
only gradually attained, with considerable 
splay in the curve [77]. For other substances, 
notably sodium and chloride, the results with 
the loading type of experiment fail to disclose 
a maximal transport rate. A detailed analysis 
of the kinetics of tubular transport has been 
reported by Wildbrandt [79]. 

These findings in the normal animal suggest 
that the kinetic component of individual tubular 
mechanisms may be overwhelmingly more im- 
portant than the possible heterogeneity of the 
population. An alternative explanation would 
be to attribute all these phenomena to variable 
degrees of glomerulotubular imbalance and 
virtually to ignore the kinetic component en- 
tirely. Thus, in the normal subject the nephrons 
might be relatively homogeneous with respect to 
glucose reabsorption, much less so with respect 
to glycine, and very heterogeneous with respect 
to sodium and chloride. However, there is good 
experimental evidence that documents the im- 
portance of the kinetic factor. In the dog, 
dinitrophenol inhibits the transport of PAH but 
has no effect on the reabsorption of glucose {72}. 
Titration curves for glucose and PAH in the 
normal dog are not significantly different from 
the theoretical curve in Figure 1. With dini- 
trophenol, the glucose curve remains un- 
changed, but the splay in the PAH curve 
increases enormously. This combination of 
results strongly indicates that the configuration 
of the titration curve primarily depends on the 
kinetics of tubular transfer reactions rather than 
upon variations in the function of individual 
nephrons. 

These same considerations apply in the evalua- 
tion of spontaneous tubular defects. In renal 
glyeosuria, the appearance of glucose in the 
urine at plasma levels far below those required 
to saturate the total reabsorptive capacity could 
be explained on the basis of a population of 
heterogeneous nephrons. Tubules with a di- 
minished reabsorptive capacity would excrete 
glucose at a low plasma level which was insuffi- 
cient to saturate the more normal nephrons. 
However, the same phenomena may be in- 
terpreted with equal validity as a diffuse defect 
involving all tubules; in renal glycosuria the 
reabsorptive mechanism may respond to an 
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increase in load in a manner similar to the PAH 
system when inhibited by dinitrophenol. It is 
also possible that both types of defects may exist 
in varying combinations. 

Renal Glycosuria. Many features of this syn- 
drome have already been discussed. By defini- 
tion, it represents the occurrence of glycosuria at 
normal blood glucose levels. The condition is 
essentially benign and may be inheritable. Al- 
though in a few patients diabetes mellitus is 
said to have developed, the factors of coincidence 
cannot be rigidly excluded. Normal filtration 
rates are reported [78,20,27| and there is no 
evidence of progressive renal failure, such as 
may occur in other tubular syndromes. The 
defect is limited to the transport of glucose. 
The reabsorption of phosphate [22] and amino 
acids [23], and the secretion of PAH [78] are all 
normal. These several functions are attributed 
to the proximal tubule. As has also become 
evident for other tubular syndromes, a deficiency 
of one reabsorptive mechanism may occur in the 
same cell or segment in which other transport 
reactions are completely normal. In the studies 
of Reubi [78] and of Bradley [27] it was originally 
proposed that there were two types of tubular 
defects, both characterized by a low threshold, 
but one with a relatively normal glucose Tm, 
the other with a markedly decreased value. 
Re-evaluation of seventeen reported cases 
showed a spread of values which did not clearly 
fall into two separate categories [8]. Glucose 
titration curves have shown a pattern varying 
from a normal degree of splay to the marked 
abnormality depicted in Figure 1. The nature of 
the fundamental disturbance remains obscure. 

Nephrogenic Diabetes Insipidus. This is a well 
defined disorder characterized by the failure of 
the tubule to respond to antidiuretic hormone 
(ADH), of either endogenous or exogenous 
origin. It occurs in most pronounced form in 
young infants who may pass excessively large 
volumes of urine and who are consequently 
subject to severe dehydration. In some patients 
high fever, without apparent infection, results 
from dehydration itself [24,25]. If water intake 
is adequate, the subjects may thrive in a normal 
fashion. However, frequent instances of stunted 
growth have been reported and are presumed to 
result either from decreased caloric and protein 
intake or as a direct consequence of chronic 
hyperelectrolytemia. Mental retardation has 
also been attributed to hyperosmolality. It has 
been proposed that rational management in- 
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cludes not only a plentiful intake of water, but 
also a restriction of solute intake, particularly 
by limitation of sodium chloride [26]. 

The nature of the renal abnormality is indi- 
cated by a variety of observations, all of which 
are consistent with failure of the kidney to 
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Fic. 1. Schematic representation of different types of 
‘titration curves’’ for substances having a maximal rate 
of tubular transport (Tm). For discussion see text. The 
‘theoretical curve’’ is indicated by the heavy line, and 
also approximately describes the available data for 
glucose [77], p-aminohippurate (PAH) [72], phosphate 
[73], and sulfate [74] in the dog. References for other 
curves are: glucose in man [75], urate in man [76], 
glycine in the dog [77], renal glycosuria in man [78], and 
PAH under the influence of dinitrophenol (DNP) in the 
dog [72]. 


respond to ADH in a normal manner. Glomer- 
ular filtration rate and renal blood flow are 
usually normal. The Tm’s of glucose [27] and 
PAH [24] are not remarkable, although one 
adult had a diminished capacity to transport 
diodrast [27]. Glycosuria, albuminuria and 
aminoaciduria are absent; the renal response to 
an acid load is normal, as is the mechanism of 
sodium conservation [28]. 

The release of ADH by the posterior pituitary 
is believed to be unimpaired. There is no clinical 
evidence of lesions in the hypothalamic area. 
Rat bioassay of the urine reveals normal excre- 
tion of antidiuretic substances [24] but it would 
be desirable to re-evaluate this point with the 
more reliable assay in the dog with surgical 
diabetes insipidus [29a]. Williams and Henry [27] 
studied the plasma of their patient in an effort 
to detect an abnormally high rate of ADH in- 
activation; the results were negative. 

The inability to concentrate tae urine in 
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response to active preparations of parenterally 
administered vasopressin is the single feature 
which most decisively distinguishes this syn- 
drome from diabetes insipidus of pituitary origin. 
However, failure to respond to vasopressin 
obviously cannot be accepted as pathognomonic, 
since a similar response may be obtained in 
other renal diseases, particularly when the rela- 
tively insensitive and inaccurate clinical deter- 
mination of specific gravity is used as the sole 
criterion. The polyuria of many other tubular 
syndromes has been attributed to refractoriness 
to ADH but definite conclusions cannot be 
drawn until studies have been made with more 
refined technics including the measurement of 
filtration rate, urine osmolality and the free 
water clearance. When the observations are cor- 
rected to comparable filtration rates, the patients 
with nephrogenic diabetes insipidus are found to 
have the same relationship between urine flow, 
urine concentration and total solute excretion as 
the normal subject whose water intake has been 
sufficiently increased to inhibit release of endog- 
enous ADH [29)]. In one patient exogenous 
vasopressin had an equivocal chloruretic action 
[24]; the problem warrants clarification to 
determine the extent to which the chloruretic 
and antidiuretic actions of ADH may be 
separated. 

Recent interest in the mechanism of urinary 
concentration and dilution has focused attention 
on the architectural arrangement of the neph- 
ron. A single microdissection study of a patient 
with nephrogenic diabetes insipidus was reported 
by McDonald [28] and showed no abnormality 
in the distal tubule or the loop of Henle; routine 
histological studies have been essentially nega- 
tive [25,30,37|, and the absence of vacuolization 
has helped exclude potassium deficiency as an 
etiological factor. Varying degrees of hydro- 
nephrosis are common and are presumably the 
result of back pressure from the distended blad- 
der; this may be an important factor in initiating 
renal damage during the course of the disease. 

The early studies of the family reported by 
Williams and Henry [27] indicated that the trait 
was limited to males and was a sex-linked reces- 
sive transmitted by females. Subsequently, the 
complete syndrome has been reported in females 
[24]; in addition, a “‘carrier state’’ for hetero- 
zygous females has been postulated, based on the 
finding that the mothers and grandmothers of 
affected children display an impaired ability to 
concentrate the urine [32]. This finding should 
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be studied further with a complete appraisal of 
renal function, particularly since an intermediate 
response of the kidney to presumably maximal 
amounts of ADH may afford an unusual oppor- 
tunity to analyze the action of ADH. 

Renal Tubular Acidosis. This syndrome results 
from a primary defect in the mechanisms by 
which the renal tubule normally contributes to 
the acidification of the urine. It was first re- 
ported in children by Butler et al. [33] and the 
essential physiological mechanisms were subse- 
quently clarified in balance studies by Albright 
and his group [34]. The cardinal features are 
the presence of a metabolic acidosis with hyper- 
chloremia, inability to form a sufficiently acid 
urine, and the absence of significant glomerular 
insufficiency. Secondary disturbances in calcium 
and potassium metabolism are often severe and 
may be the basis of the presenting symptoms. 

The metabolic acidosis of uremic renal in- 
sufficiency is characterized mainly by an in- 
crease in the plasma concentrations of inorganic 
phosphate and sulfate. These ions are excreted 
by glomerular filtration and selective tubular 
reabsorption, and are produced in amounts 
approximately proportiontal to protein catabo- 
lism. Hence, if there is a marked reduction in 
glomerular function, the plasma concentration 
of these anions must rise (in a manner quite 
similar to that of urea) until that point is reached 
at which the plasma level is sufficiently high that 
the amount filtered in a reduced volume of 
glomerular filtrate is adequate to keep excretion 
equal to production. If this rise in plasma con- 
centration were accompanied by a proportional 
increase in fixed cation, i.e., sodium, there 
would be no significant change in pH. However, 
other mechanisms tend to keep total osmolality 
constant; serum sodium concentration therefore 
does not increase, and the rise in fixed anions 
displaces anions of weaker acids (i.e., bicar- 
bonate); the resultant depression of bicarbonate 
is indicative of a metabolic acidosis. 

The pathogenesis of renal tubular acidosis is 
fundamentally different in that it involves the 
retention of a different species of fixed anion, 
and results from tubular rather than glomerular 
insufficiency. Serum phosphate and sulfate are 
not elevated. As a result of the tubular defect 
the ability to acidify the urine is impaired 
(v. seq.), resulting in excretion of a dispropor- 
tionately large amount of bicarbonate. This, of 
necessity, must be accompanied by reabsorption 
of a relative excess of other extracellular anions, 
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notably chloride. When appropriate considera- 
tion is given to eventual osmotic adjustments 
and to total electrolyte balance, it is apparent 
that the tubular defect must become manifest 
as a change in extracellular composition with 
hyperchloremia and metabolic acidosis. 

It was formerly believed that bicarbonate 
reabsorption and urinary acidification occurred 
as two separate processes, one in the proximal 
and one in the distal tubule. This concept had 
evolved from a variety of considerations of which 
the most important were (1) the demonstration 
that the pH decreased in the distal segment of 
the amphibian tubule [35]; (2) the observation 
that sulfanilamide, a carbonic anhydrase in- 
hibitor, blocked the reabsorption of approxi- 
mately 20 per cent of the filtered bicarbonate 
|36|; (3) the coincidental calculation that 
approximately 20 per cent of solute and water 
reabsorption could be attributed to the distal 
segment [75]; and (4) certain observations relat- 
ing to pCOy of the urine [37]. It was thus pro- 
posed that approximately 80 per cent of the 
filtered bicarbonate was reabsorbed in the 
proximal tubule by a mechanism not dependent 
on carbonic anhydrase and that reabsorption of 
the residual bicarbonate, as well as the actual 
acidification of the urine, was a distal function 
dependent on carbonic anhydrase. It was pro- 
posed by Latner and Burnard [38] that the defect 
in renal tubular acidosis was in the proximal 
reabsorption of bicarbonate. 

Largely as the result of the introduction of 
more potent inhibitors of carbonic anhydrase, it 
is now believed that the acidification processes 
throughout the tubule are qualitatively similar 
|39|. For operational purposes these may be 
described as the exchange of sodium ions from 
the tubular urine for hydrogen ions from the 
tubular cell [37]. The immediate effect of this 
exchange depends almost completely on the 
composition of the tubular urine at the exchange 
site. If bicarbonate is present, the addition of 
hydrogen ions leads to eventual bicarbonate 
reabsorption; if bicarbonate has been largely 
absorbed and buffer anion (such as phosphate) 
is available, acidification leads to an increase 
in titratable acid; and, if ammonia is being 
synthesized by the tubular cells, it diffuses more 
readily into an acid urine, thus tending to 
neutralize urinary acidity by the formation of 
ammonium ion. 

Conflicting interpretations have resulted from 
the quantitative measurements of the acidifica- 
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tion defect in renal tubular acidosis. Albright et 
al. [34] demonstrated that the urinary pH was 
inappropriately high and that the tubule ap- 
peared to be unable to respond to an acid load 
by a normal increase in ammonia and titratable 
acid excretion and by a fall in urinary pH. 
Latner and Burnard [38], however, were able to 
show in studies of children that urinary pH was 
not rigidly fixed but that it could be signifi- 
cantly decreased when the loading anion was 
phosphate rather than chloride. They in- 
terpreted their findings to indicate a limitation 
in the amount of bicarbonate reabsorbed proxi- 
mally and suggested that this process was some- 
how facilitated by the presence of phosphate. 
This concept has been reexamined by Reynolds 
and Martin [40]. They have emphasized that 
infusions of sodium bicarbonate increase the rate 
of bicarbonate reabsorption (calculated as 
mEq. reabsorbed per 100 ml. of glomerular 
filtrate) without the necessity of administering 
phosphate. This phenomenon had been ob- 
served in earlier clearance experiments [47] 
and is also implicit in many balance studies. 
These apparently conflicting observations 
may be resolved if due consideration is given 
to the multiple parameters of urinary acidifica- 
tion. Accepting the thesis that the proximal 
and distal mechanisms are qualitatively similar 
and that they both involve the cationic exchange 
of tubular sodium for cellular hydrogen ions, 
the acidification mechanism may be evaluated 
in terms of two functions, the total amount of 
hydrogen ion added to the urine and the gradient 
of hydrogen ion against which this secretion 
must occur. The studies by Pitts and his group 
[42] of normal subjects clearly indicated that 
the tubular secretion of hydrogen ion leading 
to the formation of titratable acid was primarily 
determined by the pKa of the buffer within the 
tubular urine. If this was very low, the secretory 
process rapidly lowered the pH of the urine and 
the total amount of titratable acid was relatively 
small. If the pKa was higher, for example 
around 6.7 in the case of phosphate, then the 
secretion of hydrogen ions had only a relatively 
small effect on urinary pH and the total titrat- 
able acid was large. The same type of analysis 
may be extended to bicarbonate reabsorption. 
By definition, hydrogen ion secretion leading to 
the formation of titratable acidity has to occur 
against a hydrogen ion gradient. However, in the 
case of bicarbonate reabsorption the same secre- 
tory process operates against a negligibly small 
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gradient and the magnitude of the secretory 
process is determined mainly by the amount of 
bicarbonate available in the glomerular filtrate. 

Normally the minimal pH of the urine is 
about 4.5. Hence tubular secretion of hydrogen 
ions must cease when a gradient represented by 
this pH has been achieved; this occurs at a pH 
at which urinary bicarbonate concentration is 
virtually nil. However, in renal tubular acidosis 
the limiting hydrogen ion gradient occurs at a 
higher pH and the voided urine therefore con- 
tains little titratable acid and significant con- 
centrations of bicarbonate. This eventually 
leads to metabolic acidosis with a decrease in 
plasma bicarbonate; the amount of bicarbonate 
both filtered and reabsorbed must therefore 
necessarily be reduced. However, the tubule is 
capable of secreting increased quantities of 
hydrogen ion if conditions permit a minimal 
gradient to be maintained. The infusion of so- 
dium bicarbonate results in increased hydrogen 
ion secretion as measured by the amount of 
bicarbonate reabsorbed; likewise, the infusion of 
neutral phosphate increases hydrogen secretion 
as measured by a tenfold rise in titratable acidity 
with a negligible change in pH [4]. For reasons 
that remain obscure, increased phosphaturia is 
normally associated with a decrease in urinary 
pH independent of alterations in extracellular 
acid-base balance [42]. However, in patients 
with tubular acidosis the acidity of the urine 
increases less than in normal subjects, and in 
some patients not at all [38,40]. 

It is difficult to ascertain whether the defect 
in excretion of ammonium ion results from a 
failure of synthesis or from a decreased rate of 
diffusion secondary to diminished acidification 
of the urine. Estimations of renal glutaminase 
have not been reported. However, the impor- 
tance of the over-all failure of ammonia excre- 
tion is clearly illustrated by the response to 
equivalent loads of acid as either ammonium 
chloride or acid phosphate [40]. Ammonium 
chloride produced progressive acidosis with little 
change in urinary excretion of ammonium ion. 
Since chloride cannot act as a buffer anion, the 
only compensatory mechanism available to the 
kidney is to increase excretion of ammonium 
ion, but this failed because of one or both of the 
factors previously mentioned. However, the 
acid phosphate load was readily handled by a 
fourfold rise in titratable acid which paralleled 
the increase in phosphate excretion. 

Since both hyperchloremic acidosis and de- 


creased acidity of the urine are character- 
istically produced by inhibitors of carbonic 
anhydrase, it has been postulated that the renal 
defect in tubular acidosis is a deficiency of this 
enzyme. At least four patients [43,44] have re- 
ceived acetazoleamide, which produced an 
increase in bicarbonate excretion typical of 
carbonic anhydrase inhibition. This strongly 
suggests that in the naturally occurring disease 
a defect of this enzyme cannot be implicated as 
the factor limiting the acidification mechanism. 

The diminished ability of the tubule to ex- 
change sodium for hydrogen would result in a 
simple increase in sodium excretion if sodium 
were not partially “‘replaced”’ by other cations. 
Balance studies clearly show increased calcium 
and potassium losses. Although these tend to 
minimize the loss of sodium, some depletion 
may occur [47], but not of a severe degree. The 
tubular mechanisms regulating calcium excre- 
tion have not been elucidated. The potassium 
loss may probably be attributed to renal tubular 
secretion, i.e., sodium-potassium exchange [45], 
possibly mediated by increased secretion of 
adrenal cortical hormones [46]. In contrast to 
many other conditions with potassium depletion, 
the urinary excretion of potassium in tubular 
acidosis tends to fall rather than to rise during 
treatment with sodium bicarbonate, possibly as 
the result of restoration of extracellular electro- 
lytes towards normal and the consequent dimin- 
ished stimulus to potassium secretion. Other 
renal functions remain unimpaired except in the 
few patients in whom glomerular insufficiency 
develops, probably as a result of nephrocalcinosis 
and repeated bouts of pyelonephritis. The 
capacity to secrete PAH and reabsorb glucose 
may be slightly reduced [45,47]. Renal glyco- 
suria and amino aciduria do not occur {7}. 
Water reabsorption is partially impaired and 
may result from both potassium depletion and 
the tubular lesions associated with the nephro- 
calcinosis. Although the response to vasopressin 
is usually poor, definitive studies have not been 
reported. 

The etiology remains obscure. The suggestion 
that injudicious sulfonamide administration 
might produce irreversible carbonic anhydrase 
inhibition has not been borne out. Many pa- 
tients give no history of this type of medication, 
and the recent widespread use of acetazoleamide 
has certainly not produced irreversible enzyme 
inhibition. The possibility that the tubule is 
damaged by a primary pyelonephritis would 
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appear untenable at least in children, since in 
them the defect is readily reversible and is 
unrelated to signs of active infection. Multiple 
cases have now been reported in at least four 
separate families, and it is possible that the 
syndrome represents a hereditary trait [48-57]. 

Morphological studies have failed to reveal 
lesions which can be correlated with the primary 
functional disturbance. Deposits of calcium are 
frequently seen, particularly in the peritubular 
spaces near the pyramids. The sequence of 
events is thought to be failure of acidification, 
systemic acidosis with mobilization of skeletal 
calcium, hypercalcuria, and then the urinary 
precipitation of calcium within the distal tubular 
system. Precipitation of calcium is facilitated by 
the alkaline urine and possibly by the absence 
of solubilizing anions such as citrate [52]. 
Vacuolization of the proximal tubule has also 
been noted [53] and is probably the result of 
potassium depletion rather than the sign of a 
primary lesion. 

The disorder is frequently encountered in 
young children [54,55], and appears to be physi- 
ologically indistinguishable from the adult type. 
However, most of the children recover spon- 
taneously, but the factors involved are unknown. 
Return of normal tubular function is rare in 
adults, although it has been reported [44]. 
Treatment of the electrolyte disorder results in a 
remarkable disappearance of symptoms. Vita- 
min D and increased calcium intake are usually 
needed only until the osteomalacia is healed. 
Alkalinizing agents readily correct the acidosis 
and maintenance doses are required by most 
adults. This regimen, of course, does not modify 
the underlying defect. Although renal calculi 
may continue to be formed, follow-up studies 
for at least ten years indicate that alkalitherapy 
does not induce further renal damage and that 
the course may be quite benign [56]. 

Salt Losing Nephritis. Since this term has been 
widely employed, it is included here for the 
sake of completeness. In patients with advanced 
renal disease and nitrogen retention, an exces- 
sively large fraction of the filtered sodium and 
chloride is excreted in the urine [57,58]. In some 
patients the failure of sodium reabsorption may 
become of paramount importance, and severe 
sodium depletion may result However, there is 
no evidence that the inability to reabsorb sodium 
chloride is a primary defect or that it can occur 
as an isolated tubular dysfunction. An apparent 
exception to the latter statement is the physio- 
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logical abnormality of Addison’s disease, but in 
this instance the primary defect is clearly adrenal 
and not renal in origin. 

Potassium Losing Nephritis. Had this review 
been written before the publication of Conn’s 
paper in 1955 [59] it is probable that “‘potassium 
losing nephritis’ would have been included as an 
example of a primary tubular defect. Subsequent 
studies have shown that most cases, although 
perhaps not all, are secondary to aldosterone- 
producing tumors of the adrenal cortex. How- 
ever, excessive urinary potassium excretion 
undoubtedly occurs in association with several 
tubular syndromes, especially renal tubular 
acidosis and the multiple defects of the Fanconi 
type. Currently, the only clear-cut evidence 
for an isolated renal abnormality involving 
inappropriate potassium excretion resides in the 
observations that severe depletion can occur 
in the absence of other demonstrable causes 
[60-63]. This general problem is under active 
study in a number of laboratories, and significant 
clarification can be anticipated. 

Renal Hypophosphatemia. In areas in which 
the dietary intake of vitamin D is adequate, 
this syndrome represents the most common cause 
of rickets in childhood. Physiologically, it is 
characterized by the urinary excretion of normal 
amounts of phosphate despite reduction in the 
plasma concentration. The phosphate clearance 
is therefore abnormally high. This syndrome is 
commonly designated vitamin D resistant 
rickets or renal hyperphosphaturia, but the 
present nomenclature seems more appropriate 
since it accurately denotes the functional disturb- 
ance. Therapeutically, the most distinctive 
feature is the failure to respond to the usual dose 
of vitamin D, but a generally satisfactory re- 
sponse to extremely large doses. 

Other renal functions are within normal 
limits; there is no glycosuria or aminoaciduria. 
The balance studies of Robertson et al. [64], and 
of Dent [7] clearly defined the role of 
the tubular defect in the pathogenesis of the 
skeletal lesions. While in a normal subject 
urinary phosphate excretion decreases in the 
presence of marked hypophosphatemia, in these 
patients there is little fluctuation in renal phos- 
phate excretion when the plasma phosphate 
concentration varies from the spontaneously low 
levels to the more normal range obtained after 
massive vitamin D therapy. Presumably, the 
tubular defect resides in failure of the phosphate 
reabsorptive mechanism to respond to the usual 
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amounts of vitamin D. Harrison [52] has noted, 
however, that healing of rickets begins before the 
hypophosphatemia is corrected and therefore 
believes that hypophosphatemia is not the sole 
factor in the pathogenesis of the rickets. 

Careful genetic analysis reveals that the defect 
is transmitted as a sex-linked dominant [65]. 
The full syndrome is encountered in male chil- 
dren of matings in which one or the other parent 
is hypophosphatemic. When the trait is trans- 
mitted by the mother, her hypophosphatemia is 
usually asymptomatic, suggesting that a normal 
allele ameliorates the manifestations of the 
underlying disorder. Of considerable interest 
is the finding that the Tm for phosphate is re- 
duced to about one-half normal values in both 
the hemizygote males and the heterozygous fe- 
males. As in other reabsorptive defects, urinary 
excretion occurs at loads considerably less than 
those required to saturate the Im. Phosphate 
titration curves might be of considerable interest. 

McCance [66], and Dent and Harris [67] have 
suggested that a related disorder occurs in young 
adults which is sufficiently distinct to warrant 
separate consideration. In brief, osteomalacia 
appears after an asymptomatic childhood and 
may be associated with severe muscular disabil- 
ity. Slight systemic acidosis has been noted, but 
there is no apparent defect in urinary acidifica- 
tion. Urinary calcium excretion is less than 
normal; it is not increased as in tubular acidosis. 
The tubular defect involves failure to reabsorb 
phosphate in the face of extremely low plasma 
levels. Another abnormality has been mentioned 
but its significance is not clear: In four patients, 
Dent’s group found a marked increase in glycine 
excretion but no disturbance in the urinary 
pattern of other amino acids [67]. * 

Abnormalities of Urate Reabsorption. The nor- 
mal tubular mechanisms of urate transport are 
not sufficiently understood to permit a precise 
definition of abnormal function. Studies with 
acutely elevated blood levels have indicated a 
reabsorptive Tm [76]. In gouty subjects with 
chronic hyperuricacidemia, the unpredictable 
relationship of the plasma level to the amount of 
urate excreted has prompted Gutman and Yi 
[68] to suggest that the tubular mechanism may 
be one of both reabsorption and secretion. While 
conclusive evidence has not been obtained, the 
paradoxical response to uricosuric agents sug- 


* Glycine decreases phosphate Tm in the dog [722]. 
The finding is of theoretical interest but its bearing on 
this clinical syndrome is unknown. 


gests such a possibility. In small dosage, salicy]- 
ate and phenylbutazone decrease urate excre- 
tion, while in larger dosage these drugs become 
uricosuric. In addition, pyrazinamide markedly 
decreases urate excretion without affecting 
the amount filtered. 

Of considerable interest is the isolated case 
report of Praetorius and Kirk [69] who studied 
an asymptomatic young man who was found to 
have a plasma urate concentration about one- 
tenth the normal value, but who excreted a 
normal amount of urate per day. Renal function 
studies revealed that the filtration rate was nor- 
mal and that the urate/inulin clearance ratio 
was approximately 1.50 compared to a normal 
value of about 0.10. At first glance the data sug- 
gest a primary tubular defect with an excessively 
high urate clearance due to tubular secretion. 
However, evaluation of the role of the kidney 
is complicated by the finding that the plasma 
concentration of the oxypurine precursors of 
urate was excessively high, suggesting a general 
metabolic defect as the primary disturbance. 

The urate clearance is elevated in the adult 
Fanconi syndrome, whether idiopathic or 
secondary to Wilson’s disease [70]. In one well 
studied subject the urate clearance was identical 
with the filtration rate and did not change fol- 
lowing the administration of probenecid [77]. 
This strongly suggests a defect in urate reabsorp- 
tion, rather than secretion. 

Simple Xanthinuria. Dent and Philpot [72] 
have described a female child who excreted 
excessive amounts of xanthine. The authors 
emphasized that a pre-renal defect in xanthine 
metabolism had not been excluded with com- 
plete certainty, but their data disclosed low 
levels of both uric acid and xanthine in the 
plasma, strongly suggesting that the increased 
xanthinuria was renal in origin. Further studies 
indicated the absence of generalized amino- 
aciduria, a normal calcium metabolism, and no 
evidence of glomerular insufficiency. The patient 
was in good general health except for the passage 
of a renal stone which was found to be composed 
entirely of xanthine. 

In this patient the daily urinary excretion of 
xanthine was approximately eight times greater 
than that of a control subject. Examination of 
the stone and of the urine demonstrated the 
absence of uric acid, which was also virtually 
undetectable on chromatographic analysis of the 
plasma. This combination of findings is consistent 
with an over-all deficiency in the conversion 
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of xanthine to uric acid and raises the possi- 
bility that the primary defect may be an exces- 
sively high renal clearance of xanthine. This 
would maintain a low concentration of xanthine 
in plasma and possibly in other body fluids. On 
this basis the failure of the enzymatic oxidation 
of xanthine to uric acid would be attributable to 
low concentrations of substrate rather than to the 
absence of specific enzymes. Careful analysis of 
three generations revealed no additional cases 
and no history of consanguinity. No histological 
studies have been performed. 

Generalized Aminoacidurias. Largely as a result 
of the introduction of chromatographic analysis 
for urinary amino acids it has become evident 
that renal aminoaciduria may be encountered 
in a wide variety of conditions. A relatively small 
number of disorders involving distinct and sepa- 
rate amino acids have been recognized and will 
be individually described. However, the most 
commonly observed pattern of aminoaciduria 
is so generalized, and in some instances so 
variable, that it would at present be unrealistic 
to describe each example as a specific tubular 
dysfunction.* Indeed, as far as specificity is 
concerned, generalized aminoaciduria may some 
day have the same significance for tubular dys- 
function that albuminuria now has for the more 
common types of renal disease. In addition, 
aminoaciduria may prove a more sensitive index 
of injury than other tests of tubular function. 

Generalized renal aminoaciduria occurs in: 
infantile cystinosis [73,74], adult type of Fanconi 
syndrome [75-77], heavy metal poisoning [78,79], 
Wilson’s disease [80], multiple myeloma [87], 
galactosemia [82-85], scurvy [86], rickets due to 
lack of vitamin D [87], lysol poisoning [88] and 
progeria [89]. Additional causes may certainly 
be anticipated. The specific renal amino- 
acidurias include: essential cystinuria, glycinuria, 
Hartnup’s disease and 6-amino/sobutyricacidura. 

Some of the general aminoacidurias are dis- 
cussed under ‘‘Multiple Tubular Defects’’; little 
can be said about many of the others from the 
point of view of tubular function. However, 
galactosemia is of considerable interest as an 
example of an inborn error in which the renal 
disturbance is quite clearly a complication of the 
primary abnormality. The disease results from 
an inability to metabolize galactose, leading to 
high blood levels and increased urinary excre- 
tion. The enzymatic defect has been identified 


* The most commonly observed patterns of amino- 
aciduria are documented elsewhere [77,86]. 
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in erythrocytes and in the liver. (See Holzel et al. 
for review [85].) When affected subjects are fed 
a galactose-free diet the signs of abnormal 
carbohydrate metabolism disappear. In several 
studies of the course of the aminoaciduria it has 
been found that the amino acid excretion is 
normal on a galactose-free intake, that it appears 
approximately one week after the galactose in- 
take has been increased, and that it subsequently 
subsides several days after a diet low in galactose 
has been reinstituted. This sequence of events 
argues strongly against the thesis that galactose 
and amino acids are reabsorbed by a common 
mechanism and that the aminoaciduria results 
from a competitive type of inhibition. It has 
been proposed that high levels of galactose in 
body fluids have a deleterious effect which 
underlies the damage that occurs in the liver, 
cornea, central nervous system and kidney. 
Holzel et al. have reviewed the problem and 
believe that a metabolic product of galactose, 
rather than galactose itself, is the toxic agent. 
Tubular mechanisms other than these involving 
amino acid transport have not been system- 
atically investigated. 

Essential Cystinuria. Largely as a result of the 
studies of Dent and Harris and their colleagues, 
the genetic and physiological basis of this 
syndrome has become clearly defined. The 
condition is benign except for the sequelae of 
renal calculi. The renal defect is limited to the 
reabsorption of cystine, lysine, arginine and 
ornithine. Measurements of filtration rate are 
within normal limits [90,97], there is no glyco- 
suria, and no apparent disturbance in mineral 
or water balance. Studies of cystinuria in canines 
reveal a similar type of renal defect in that both 
lysine and cystine excretion are definitely 
increased [92]. 

Normally the renal clearance of cystine is 
about 4 ml. per minute [90]; thus over 95 per 
cent of the cystine filtered at the glomerulus 
is reabsorbed by the tubules. In cystinuric sub- 
jects virtually no cystine is reabsorbed, leading to 
a rise in urinary excretion and a fall in plasma 
levels to about one-half the normal values. 
In contrast to other tubular syndromes such as 
renal glycosuria, in the cystinuric subject reab- 
sorption does not increase in response to a rise 
in filtered load, indicating that the defect is an 
absolute one and that it is unrelated to the 
population type of defect. However, it would be 
of interest to determine titration curves of 
glucose or PAH transport in these patients. 
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The limitation of the disturbance to four 
specific amino acids has suggested that these are 
normally reabsorbed by pathways which have 
certain features in common. When lysine was 
infused into a normal subject there was a tran- 
sient rise in the excretion of cystine, ornithine 
and arginine; this was interpreted as showing 
that the increased concentration of lysine had 
displaced the other amino acids from the trans- 
port mechanism [93]. However, in the cystinuric 
subject infusions of lysine had no effect on the 
already elevated rate of excretion of these 
amino acids, presumably because the natural 
defect in reabsorption was so complete that it 
could not be depressed further. In neither 
instance did lysine loads result in a general 
aminoaciduria. 

Although most attention has been focused on 
cystine because of the relationship of its in- 
solubility to calculus formation, the renal ab- 
normality involves other amino acids to a signifi- 
cant degree. * Quantitative studies have shown 
average excretion rates to be approximately 
1.8 gm. of lysine, 0.8 gm. each of cystine and 
arginine, and 0.4 gm. of ornithine per day [94]. 
The detailed measurements of lysine excretion 
reveal a defect similar to that of cystine [97]. 
Thus about 99 per cent of the filtered lysine 
is reabsorbed in normal subjects, but only 
about 45 per cent in the cystinuric subjects. 
As a consequence endogenous excretion is 
high, and plasma levels are depressed. Al- 
though small amounts of lysine may be nor- 
mally absorbed by these patients, this reabsorp- 
tive capacity is limited since a moderate increase 
in lysine load results in a clearance essentially 
equal to the glomerular filtration rate. Prelimi- 
nary studies suggest a similar limitation of 
arginine reabsorption [97]. 

The detailed family studies which have been 
summarized by Dent and Harris [70] have indi- 
cated that there may be two different types of 
essential cystinuria, but that both are clearly 
separate from the disturbance in cystine metab- 
olism that is sometimes associated with multiple 
tubular defects (Fanconi syndrome). In one 
group of cystinuric families the abnormality 
is transmitted as a typical mendelian recessive 


* Dent [76] has observed that the blotched genet, a 
wild cat native to Kenya, normally excretes cystine in 
concentrations at least twice those obtained by cystinuric 
subjects, but that no instances of cystine calculi have 
been reported. The significance of the observations awaits 


further study. 


which appears in the affected homozygotes as a 
disturbance in the reabsorption of the four amino 
acids. In the second group, which has been 
termed “incompletely recessive cystinuria,”’ 
three classes of individuals have been detected— 
those with marked increase in the excretion of all 
four amino acids, an intermediate group with 
cystinuria and lysinuria but no increase in 
ornithine or arginine, and those with no pheno- 
typic defect. On this basis it has been postulated 
that ornithine and arginine have a greater 
affinity for the transport mechanism than do 
lysine or cystine. 

Doolan et al. [97] have reported a novel ap- 
proach to the analysis of renal transport by 
determining the rate of glycocyamine excretion 
following the administration of both arginine and 
glycine. This procedure was based on the previ- 
ous demonstration that the transamination 
reaction between arginine and glycine occurs 
only in the kidney, and that a decrease in the 
excretion of the product of the reaction, i.e., 
glycocyamine, might occur in a disorder char- 
acterized by unusual impermeability of the 
kidney cells to one or more of the reactants. 
In three patients glycocyamine excretion was 
within normal limits, suggesting that adequate 
arginine entered the cells of the kidney either 
from the luminal or peritubular surface. While 
the results are negative, the use of an organ- 
specific synthetic reaction constitutes a new 
type of renal function test which may be of some 
promise. 

Simple Glycinuria. The recent report by de 
Vries et al. [95] on hereditary glycinuria adds a 
new syndrome involving a single isolated defect 
in tubular transport. Four female subjects in 
three generations of one family were found to 
excrete excessive amounts of glycine; in three, 
this was associated with nephrolithiasis. Other- 
wise, they were asymptomatic, and growth and 
development had been normal. The specificity 
of the renal lesion was clearly indicated by 
detailed studies. The tubular transport of glu- 
cose, phosphate and calcium were normal even 
when the filtered load was increased. Blood 
urea nitrogen and uric acid concentration were 
within normal limits. Although the acidification 
mechanism was not tested directly this was pre- 
sumably unimpaired as indicated by normal 
plasma concentrations for bicarbonate, chloride 
and potassium. Urine specific gravity suggested 
a normal response to ADH. 

A renal calculus was removed from one patient 
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and was found to be almost entirely composed of 
calcium oxalate; approximately 0.5 per cent of 
the dry weight of the stone was glycine. This 
raised the possibility that the excessive glycine 
within the tubular urine might have been 
metabolized to the much less soluble oxalate. 
However, the excretion of oxalic acid was within 
normal limits. 

Glycine was the only amino acid found to be 
excreted in excessive amounts; that this was 
renal in origin was indicated by the normal 
chromatographic intensity of the serum glycine 
spot. Genetic studies suggested a dominant 
pattern of inheritance. Histological analysis of 
the kidneys is not available. Since glycine is a 
precursor of glycocyamine, it would be of inter- 
est to ascertain whether or not these patients 
can synthesize this compound (see discussion of 
essential cystinuria). 

Hartnup’s Disease. This is an extraordinarily 
complex clinical syndrome best described by the 
title of the definitive paper “‘Hereditary Pel- 
lagra-like Skin Rash with Temporary Cerebellar 
Ataxia, Constant Renal Aminoaciduria, and 
Other Bizarre Biochemical Features’ [96]. Two 
siblings were initially observed. Further exami- 
nation revealed that the parents were first cousins 
and that four of the eight children had a strik- 
ingly abnormal amino acid pattern in the urine, 
although clinical symptoms were present in only 
two. On further search of the literature the 
authors found two suspected cases which were 
subsequently definitely diagnosed by chromato- 
graphic examination of the urine. No histological 
observations have been reported. 

Renal function was characterized by the 
normal excretion of urea, the absence of pro- 
teinuria and glycosuria, normal plasma elec- 
trolyte values with a normal response to an 
acid load, and the absence of any disturbance in 
calcium or phosphorus metabolism. The urine 
of each patient contained an unusual pattern of 
indoles, but there are insufficient data to deter- 
mine whether or not this was of renal origin. 
Plasma concentrations of amino acids were 
normal, measured either as a-amino nitrogen or 
as individual amino acids, and indicated that the 
amino aciduria, was renal in nature. The most 
striking finding was the pattern of the individual 
amino acids that were excreted, this being so 
unusual that the authors suggested that it be 
designated as the “Hartnup amino acid pat- 
tern.’’ Although several amino acids were 
involved, the absence of any increase in proline 
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excretion constituted the single most important 
characteristic by which this pattern could be 
distinguished from the more common amino- 
acidurias of Fanconi’s syndrome or Wilson’s 
disease. 

The authors speculated that the entire syn- 
drome might result from a biochemical abnor- 
mality related to nicotinic acid metabolism. 
While the exact pathogenesis remains in doubt, 
the renal defect is of exceptional interest since 
its causal relationship to the rest of the syndrome 
has as yet not been clarified. 

B-Aminoisobutyric Acidurtia. In extensive chro- 
matographic studies of human urine it was 
found that about 5 per cent of subjects excreted a 
large excess of an amino acid which was even- 
tually identified as B-aminozsobutyric acid [97]. 
These subjects are asymptomatic and suffer from 
no overt renal disorder. Detailed quantitative 
studies in one subject indicated a renal clearance 
of 85 ml./minute, compared to normal values 
ranging from 0 to 4 ml./minute [77]. The plasma 
levels are not abnormal and the findings clearly 
revealed a diminished rate of tubular reabsorp- 
tion. Similar urinary patterns were found in 
high incidence among relatives. While clinically 
unimportant, the finding has potential heuristic 
value. 

Multiple Tubular Defects. "The syndromes that 
are usually associated with the names of 
Lignac, Debré, de Toni and Fanconi have been 
extensively studied and many well documented 
case reports are now available. The recent 
clarification of some of the confusing problems 
has resulted largely from the realization that 
there are multiple etiological factors to which the 
tubule can respond in only a limited number of 
ways. The disturbances that are most frequently 
encountered together include renal glycosuria, 
renal aminoaciduria and renal hypophosphate- 
mia, the latter leading either to rickets or 
osteomalacia, depending on the age of the 
patient.* Since these defects are generally 
attributed to proximal tubular defects, it is 
worthy of note that sodium chloride reabsorp- 
tion remains essentially unimpaired and that 
severe salt depletion does not occur. In some 
subjects the disturbance may be more gen- 
eralized and involves to a variable degree the 
renal regulation of water, potassium, hydrogen 
ion and urate excretion. 

From general etiological considerations, at 


* Fanconi’s name is now generally used as an eponym 
for this pattern of renal failure. 
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least five disease entities may now be recognized: 
(1) the childhood type with cystinosis, (2) the 
adult type without cystinosis, (3) heavy metal 
poisoning, especially lead, (4) Wilson’s disease, 
and (5) multiple myeloma. Further additions to 
this list may certainly be anticipated. * 

The infantile type is associated with an ab- 
normality of cystine metabolism leading to the 
deposition of cystine crystals in many organs, 
particularly the reticuloendothelial system, cor- 
nea, bone marrow and, in some instances, the 
kidney. (For review see [98].) The cystinosis itself 
denotes a poor prognosis, and eventually may 
lead to glomerular insufficiency with uremia. 
Its pathogenesis remains obscure. The plasma 
cystine level is not elevated and cystine excretion 
in the urine may or may not be increased. It 
has been proposed that the cystinosis is either 
independent of the renal defect or occurs prior 
to renal involvement. Serial observations on 
newborn children, in whom the disease was 
anticipated because of the family history, showed 
that urinary function was normal until the fifth 
month of life when aminoaciduria, glycosuria, 
and cystine crystals in the cornea all appeared at 
about the same time [99]. Many studies have 
indicated a familial incidence but cases from 
more than one generation in a family have not 
been described. A simple mendelian recessive 
is indicated by the study of Bickel et al. [98]. 
It should be emphasized that this syndrome ap- 
pears genetically unrelated to the adult type of 
Fanconi’s syndrome or to essential cystin- 
uria [70]. 

The adult cases are not associated with 
cystinosis but the manifestations of renal dys- 
function are otherwise similar. The disease 
usually begins with symptoms either of osteo- 
malacia or of potassium depletion. One adult 
had had rickets as a child [700]. Some children 
with the renal disturbance, but without demon- 
strable cystinosis, may indeed be examples of the 
“adult” type. Dent and Harris [7/0] concluded 
that the adult trait was a simple mendelian 
recessive. Of considerable interest in their study 
was the discovery of three siblings who were 
asymptomatic but who had aminoaciduria, 
glycosuria and hypophosphatemia; presumably 
their renal disturbance was not sufficient to 
produce a significant loss of calcium or potas- 
sium, hence the absence of symptoms. 

Scattered observations have long suggested 


* Experimentally, the syndrome may be produced by 
the administration of maleic acid [52]. 


that heavy metal poisoning may be associated 
with the development of one or more features of 
Fanconi’s syndrome. Rickets was reported in 
cadmium workers by Nicaud et al. [707], and 
aminoaciduria occurs in industrial workers 
exposed to lead, mercury, uranium and cad- 
mium [79]. Caffey reported a child with active 
rickets, glycosuria and lead poisoning, but other 
biochemical studies were not performed [/02). 
In another study lead poisoning was associated 
with aminoaciduria and glycosuria but ap- 
parently not with overt rickets [78]. Recently, 
Chisolm et al. [703] have studied a case of lead 
poisoning with aminoaciduria, glycosuria, hypo- 
phosphatemia and rickets; at least eleven addi- 
tional cases have now been observed by them in 
which acute lead poisoning in children was asso- 
ciated with similar renal defects. Following 
appropriate treatment of the lead poisoning, 
the signs of disturbed renal function disap- 
peared. Experimentally, subacute heavy metal 
poisoning, particularly with uranium salts, is 
associated with proximal tubular lesions | /04). 

Wilson’s disease (hepatolenticular degenera- 
tion) has recently been characterized as an 
inborn error in the metabolism and distribution 
of copper, leading primarily to disturbances of 
hepatic and central nervous system function, but 
also to kidney involvement with the Fanconi 
pattern of tubular insufficiency. Advanced 
osteomalacia is occasionally observed /05a}, ap- 
parently as a result of hypophosphatemia due to 
excessive excretion of phosphate in the urine 
[705b|. The glycosuria has been reported to be 
associated with a reduced glucose Tm. Tissue 
analyses reveal a striking increase in the copper 
content of the kidney [7/06]. In one report, 
asymptomatic siblings were found to have 
aminoaciduria without other demonstrable evi- 
dence of Wilson’s disease [| 707}. 

A similar syndrome has been noted in two 
adult patients with multiple myeloma [87] and 
in a child with glycogen storage disease | /08]. In 
both instances the findings suggest that the 
renal disturbance was secondary to the under- 
lying disorder. 

Is it possible, then, to formulate a concept of 
the pathogenesis of Fanconi’s syndrome? Grant- 
ing that multiple etiological factors are involved, 
certain features stand out: first, the familial 
incidence; second, the frequency with which 
heavy metal poisoning is encountered; third, the 
period immediately after birth when the infan- 
tile cases show normal renal function; and 
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fourth, the apparent reversibility in some pa- 
tients after massive vitamin D therapy [99]. All 
these factors suggest that the renal defect is not 
an absolute one, such as occurs in essential 
cystinuria, and that the multiple disturbances 
in tubular transport may be responses to under- 
lying tubular injury. If so, then the simultaneous 
failure of glucose, phosphate and amino acid 
reabsorption cannot be regarded as evidence 
that these substances are reabsorbed by mecha- 
nisms which have specific functional attributes 
in common. It has been suggested that in the 
infantile cases cystine deposits within the cells of 
the tubule may disrupt normal function. How- 
ever, it is also tempting to speculate that the 
underlying abnormality may be a failure in the 
metabolism of heavy metals which are normally 
present in trace amounts or that the high familial 
incidence limited to single sibships may be 
related to environmental factors involving 
undue exposure to heavy metals. Renal amino- 
aciduria subsides when vitamin D is admin- 
istered for treatment of rickets of dietary origin 
[87] and, in at least one well studied case of 
cystinosis, both glycosuria and aminoaciduria 
disappeared following administration of vitamin 
D [99]. Freudenberg [709] had suggested that 
hypophosphatemia might effect the normal 
intracellular balance of organic phosphates 
involved in active transport mechanisms. How- 
ever, simple renal hypophosphatemia (vitamin D 
resistant rickets) is not associated with other 
tubular dysfunctions. An additional hypothesis 
warrants further study, namely that vitamin D 
affects not only the metabolism and distribution 
of phosphorus and calcium but also, even if 
indirectly, that of other divalent cations, in- 
cluding heavy metals. 

Although possibly tangential, it is appropriate 
to point out that the renal excretion of at least 
one heavy metal (i.e., mercury) involves tubular 
secretion, and that the excretory product is the 
mercuric-cysteine complex. Secretion has been 
thoroughly documented for organic mercurials 
[770|, but probably holds true for inorganic 
mercury as well [777].* Whether or not other 
heavy metals are secreted by the tubule in a 
similar manner is not known, but their nephro- 
toxicity is well established. 

On the basis of morphological evidence, the 
pathogenesis of Fanconi’s syndrome still re- 


*In another paper in this symposium Pitts presents 
evidence localizing the secretion of organic mercurials to 
the proximal tubule. 
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mains obscure. In a limited number of studies 
of the infantile type, cystine deposits have been 
identified within the cells of the tubule. In 
addition, there is both tubular and glomerular 
damage of a non-specific nature. Several authors 
[772] have described intensive vacuolization of 
the tubular cells, a finding which is suggestive 
of secondary potassium depletion rather than 
a primary tubular lesion. The most striking 
findings have been reported by Darmady and his 
group [773] who showed with the microdissection 
technic an area of marked atrophy in the most 
proximal position of the nephron, producing 
a narrow segment resembling a “swan’s neck.” 
From other considerations it is tempting to 
regard such a lesion as the expression of a genetic 
defect; however, there is no a priori reason why 
atrophy of this segment could not be the result 
of a more fundamental functional disturbance. 
The studies of Bickel [99] on the chronology of 
the renal lesion of the infantile type indicate 
that the defect in reabsorption is not present at 
birth; thus, if the swan’s neck lesion has physio- 
logical implications, it would appear not to be 
congenital but rather to be acquired during the 
early months of postnatal development. Early 
reports showed the absence of phosphatase in the 
proximal tubule but little evidence has been 
forthcoming to support the notion that this 
enzyme is directly involved in the transport of 
the substances concerned [75]. 

Considerable uncertainty accompanies evalu- 
ation of the role that the renal defect plays in the 
pathogenesis of the total syndrome. Dent has 
doubted that the aminoaciduria is of itself of 
sufficient magnitude to cause an amino acid 
deficiency [76], although depletion of specific 
amino acids is not excluded. Similarly, glyco- 
suria is not massive and can contribute but little 
to total caloric balance. Potassium depletion 
results from excessive renal excretion [77,774], 
and may be of considerable importance as a 
cause of the untoward reactions of acute hypo- 
kalemia which are encountered during glucose 
tolerance tests. Calcium and phosphate balances 
normally represent a delicate adjustment be- 
tween intestinal absorption and renal excretion. 
The careful studies of Bickel et al. [98] indicated 
that negative balances were a consequence of 
decreased absorption rather than of increased 
urinary excretion, and Dent [73] has also re- 
ported the development of skeletal lesions before 
the appearance of hypophosphatemia. Although 
the initiating events may remain obscure, there 
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can be little doubt that hypophosphatemia be- 
comes perpetuated by the excessively high renal 
phosphate clearance [77,774]. Nephrocalcinosis 
has not been reported in Fanconi’s syndrome, 
although one adult had renal calculi [700]. This 
contrasts with its high incidence in renal tubular 
acidosis and is of particular interest since some 
patients with the Fanconi type appear to have 
defective acidification mechanisms. Several 
factors may be involved. Hypercalcuria is less 
prominent in Fanconi’s syndrome than in renal 
tubular acidosis, and urinary pH is frequently 
low even though acidification defects may be 
evident from other measurements. In addition, 
the high excretion rate of amino acids and possi- 
bly of other organic acids may serve to chelate 
calcium and thus to prevent its precipita- 
tion [775]. 

Only limited studies are available on the 
quantitative evaluation of tubular function. 
The glucose Tm has been reported either as 
normal [700,776] or as reduced [7/7], and a 
marked decrease in PAH Tm has also been 
noted [77]. Lathem et al. [776] found that amino 
acid reabsorption increased with amino acid 
loading and interpreted this as consistent with a 
“population defect.’ The tubular transport of 
glucose and phosphate can also be elevated by 
increasing the load [77,774]. The effect of lysine 
loads on cystine excretion resembles that seen in 
normal subjects rather than that observed in 
patients with essential cystinuria [93]. These 
several lines of evidence indicate that the trans- 
port mechanisms are not absolutely defective, 
in comparison to what occurs in essential 
cystinuria. However, one careful analysis of urate 
excretion indicated a complete failure of reab- 
sorption [77]. It is probable that there is con- 
siderable individual variation in the degree of 
renal functional impairment. 

Probably the majority of patients with 
Fanconi’s syndrome have metabolic acidosis 
even in the absence of nitrogen retention, but 
the causes remain obscure. High plasma levels 
of organic acids have been reported; these have 
been based on indirect methods and have not 
been found by all observers [772,774]. However, 
hyperaminoacidemia is adequately ruled out. 
Some patients appear to have hyperchloremia. 
Although this suggests a disturbance similar to 
that of renal tubular acidosis, the pH of the 
urine is variable and in some subjects may fall 
as low as pH 5. In others there may be a rela- 
tively constant alkaline urine. Ammonia excre- 


tion varies enormously: it is either appropriate 
to the urinary pH [774,777], greatly elevated 
[772], or markedly reduced [778]. Sirota and 
Hamerman [7/] infused phosphate into an 
acidotic patient and found only a slight in- 
crease in titratable acid excretion, but there was 
a simultaneous rise in urinary pH. However, 
the patient had diffuse renal impairment; similar 
studies on early and relatively uncomplicated 
cases are not available. The potassium clearance 
is often increased, and in one subject was 
significantly higher than the filtration rate [77], a 
finding consistent with the thesis that an aug- 
mentation in the rate of sodium-potassium 
exchange constitutes a partial compensation for 
the failure of acidification with its attendant loss 
of fixed cation. No studies have been reported 
with either organic mercurials or carbonic 
anhydrase inhibitors. 

Atypical Multiple Defects. Several reports may 
be summarized for completeness, but without 
intent of establishing them as firm clinical 
entities. 

Luder and Sheldon [779] reported the presence 
of renal glycosuria and renal aminoaciduria but 
without evidence of hypophosphatemia, rickets 
or osteomalacia. Studies on a pair of twins, their 
parents, and the paternal grandfather suggested 
an inherited trait. On the basis of routine clinical 
evidence, other renal functions appeared normal 
and the general course of the disorder was quite 
benign. A similar case has been observed by 
Harrison [23]. 

In 1952 Dent [7] reported four cases of glyco- 
suria in association with a defect in phosphate 
reabsorption, but with no apparent disturbance in 
amino acid excretion. He questioned the validity 
of this entity as a distinct syndrome since a 
sibling of one patient had phosphaturia alone, 
without glycosuria. However, the disorder is 
worthy of note primarily because it is an ap- 
parent exception to the subsequent experience 
that aminoaciduria may be the most sensitive 
index of multiple tubular defects. Detailed 
renal function studies have not been reported. 

Lowe and his associates [720] have studied 
several infants who presented some of the fea- 
tures of Fanconi’s syndrome, including acidosis, 
rickets and glycosuria, but in whom the organic 
aciduria was not attributable to amino acids. 
The excretion of large quantities of non-amino 
organic acids is largely based on indirect evi- 
dence; in one patient pyruvate was conclusively 
identified [727] but accounted for only a small 
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fraction of the total organic acid excretion. A 
deficiency in ammonia production has also been 
described. The exact nature of the syndrome has 
not been established and the findings are insuffi- 
cient to permit an appraisal of the role of the 
kidney in the pathogenesis of the total disorder. 
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and liver disease has been known since 
antiquity. Hippocrates (460-370 B.c.) described 
a patient with hepatitis who “barked like a dog, 
could not be held and said things that could not 
be comprehended” and Frerichs [7], the father 
of modern hepatology, recognized noisy delirium 
and coma as complications of cirrhosis. The 
pathogenesis of these changes remained obscure 
until the present century. The development by 
Mann, Bollman and their group [2] of a suc- 
cessful technic for hepatectomy in animals and 
improvement in biochemical methods provided 
the stimulus to investigate biochemical changes 
in patients with hepatic coma. However, the 
hepatectomised dog becomes hypoglycaemic and 
has a low blood urea level, but patients in hepatic 
coma only rarely show these changes. Research 
had come virtually to an impasse until results 
obtained at the end of the last century by the 
Pavlov school [3] were reconsidered. This group 
showed that in dogs with an Eck fistula (porta- 
caval anastomosis) meat intoxication developed 
and, from this beginning, the whole concept of 
ammonium toxicity in liver failure has been 
elaborated. The present review discusses the 
processes which culminate in the syndrome of 
hepatic coma in patients with liver disease. The 
problems presented by this condition cannot be 
regarded as solved but the advances made in the 
last ten years are well worthy of discussion. 


association of neuropsychiatric changes 


THE CONCEPT OF PORTAL-SYSTEMIC 
ENCEPHALOPATHY 


It is suggested that patients with liver disease, 
going into hepatic coma, are suffering from 
cerebral intoxication by intestinal contents 
which have not been metabolised by the liver. 
Certainly every patient presenting these features 


has a circulatory pathway through which portal 
blood may enter the systemic system and reach 
the brain without being metabolised by the 
liver [4,5]. 

In patients with poor hepatocellular function 
the shunt is through the liver itself. In the more 
chronic forms the portal blood bypasses the liver 
through large natural “‘collaterals.”’ The portal- 
hepatic vein anastomoses developing around the 
nodules in a cirrhotic liver may also act as in- 
ternal shunts. This picture of “intermittent 
stupor’’ complicates 15 to 20 per cent of surgical 
portacaval anastomoses [6,7]. It is analogous to 
the neuropsychiatric disturbances of the dog 
with an Eck fistula that is given meat. 

The nature of the cerebral intoxicant(s) is 
speculative. A picture indistinguishable from 
impending hepatic coma can be induced in some 
patients with cirrhosis by the oral administration 
of a high protein diet, ammonium chloride or 
urea [8-70]; this suggests a nitrogenous nature. 
Similar toxic symptoms can be induced in cer- 
tain patients with cirrhosis by methionine and 
these are prevented or retarded by chlortetra- 
cycline [77]. Neomycin given orally is particu- 
larly effective in the treatment of cirrhotic 
patients with protein intolerance [72,73]. The 
small intestinal bacterial flora is increased in 
patients with liver disease [74]. These facts all 
point to the intoxicant being produced by 
intestinal bacteria acting on the nitrogenous 
content of the intestine and especially on protein. 


RELATION TO AMMONIUM TOXICITY 


Monguio [75] demonstrated that blood am- 
monium levels were high in the dog with an Eck 
fistula suffering from meat intoxication. Van 
Caulaert and co-workers [76] and Kirk [4] 
related the elevations of blood ammonium in 


* From the Department of Medicine, Postgraduate Medical School, University of London, England. 
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patients with cirrhosis to the diversion of portal 
blood into the systemic veins. Ammonium is 
present in high concentration in portal vein 
blood but is normally metabolised by the liver to 
urea [77,78]. It can be derived from bacterial 
action on nitrogenous material in the intestine 
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Fic. 1. The Krebs citric acid cycle. 


[79,20]. Ammonium salts are toxic to some pa- 
tients with cirrhosis when administered both 
orally and intravenously [70,76,78,27]. 

Elevations of blood ammonium levels in liver 
disease need not be related only to production 
from intestinal contents. The failing liver may 
also be unable to metabolise ammonium formed 
by the kidney and, in the terminal stages of 
hepatic coma, by the peripheral tissues and the 
brain [22]. 

Theoretically, ammonium intoxication could 
interfere with cerebral metabolism [23]. This 
could be by two mechanisms, glutamine syn- 
thesis and reductive amination of alpha keto- 
glutarate. (Fig. 1.) The combination of the 
increased ammonium in hepatic coma with 
glutamic acid to form glutamine is suggested 
by the increased amounts of glutamine in the 
cerebrospinal fluid [24]. 

Combination of ammonium with alpha keto- 
glutarate to form glutamic acid removes an 
important link in the Krebs citric acid cycle. 
The brain depends for most of its activity on 
aerobic glycolysis and on this cycle. The di- 
minished oxygen consumption of the brain in 
hepatic coma [25] and the increased blood and 
cerebrospinal fluid pyruvic acid concentrations 
[22,26-28] would support this hypothesis. 

Ammonium therefore fulfils all the criteria 
necessary for a substance responsible for hepatic 
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coma. It is a cerebral intoxicant, a substance 
formed in the intestine from protein, and one 
that is normally metabolised by the liver. Am- 
monium poisoning has even been used synony- 
mously with hepatic coma. There is, however, 
some evidence that this is too sweeping an 
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Fic. 2. The relation of the arterial ammonium level to the 
grade of consciousness in hepatic cirrhosis. Grade 7: 
minor disorder of consciousness and the motor system. 
Grade 2: gross disorder of consciousness with disorienta- 
tion in time and space. Grade 3: coma. Mean normal 
arterial ammonium level is 0.68 yug./ml. The horizontal 
lines denote mean + 2 S.D. 


assumption. The brain in hepatic coma does not 
always remove ammonium from the blood but 
may in fact occasionally add to it, the jugular 
vein concentration exceeding that in an artery 
[22]. The cerebral uptake of ammonium is not 
greater in patients in hepatic coma than in cir- 
rhotic patients without coma [25]. Cerebral 
oxygen consumption is reduced in patients with 
liver disease without evident neurological dis- 
turbance and does not correlate with the arterial 
ammonium level [25]. Finally, blood ammonium 
levels do not rise when neurological changes are 
precipitated by methionine [77]. 

Blood ammonium levels are frequently ele- 
vated in hepatic coma [4,/6,29-32] but 10 per 
cent of values are in the normal range regardless 
of the degree of neurological involvement [32]. 
(Fig. 2.) The blood ammonium level shows some 
degree of correlation with the electroencephalo- 
graphic changes [33]. Some patients in deep 
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coma may have normal values, and patients, 
particularly after portacaval anastomosis, may 
seem normal with raised levels. The amine 
oxidase inhibitor, marsilid® [34], or sodium 
glutamate [35] may reduce high blood am- 
monium levels in patients in hepatic precoma 
but clinical improvement does not always result. 

At the present time it is impossible to decide 
whether the elevated blood ammonium levels 
reflect mainly the amount of portal venous blood 
reaching the systemic circulation without being 
adequately metabolised by the liver or whether 
ammonium is an important cerebral intoxicant 
in patients with liver disease. Other toxic sub- 
stances of intestinal origin that are carried in the 
portal vein must be considered. These include 
the many pharmacologically active amines 
which can be produced by intestinal bacteria 
acting on protein [20]. Technical difficulties in 
the quantitative estimation of the very small 
amounts of amines present in blood have pre- 
vented investigation of this aspect as fully as it 
deserves. 


CHANGES IN CARBOHYDRATE METABOLISM 


In contrast to the hepatectomised dog, hypo- 
glycaemic episodes are rare in chronic liver 
disease [36] but occasionally complicate ful- 
minant hepatitis [37]. The blood glucose con- 
centration in hepatic coma is usually normal. 

The liver is intimately concerned with inter- 
mediate carbohydrate metabolism, and_ the 
raised blood keto acid levels reported in severe 
liver disease [26] might indicate failure of this 
process. Alpha ketoglutaric and pyruvic acids are 
transported from the periphery to the metabolic 
pool in the liver. Raised levels of alpha keto- 
glutaric acid in the blood have been reported in 
liver disease [28] and increases in both levels 
noted when there is complicating hepatic coma 
22,27|. Mean levels increase as the neurological 
state deteriorates [27]. Values particularly for 
alpha ketoglutaric acid correlate better with 
liver cell function than with the extent of the 
collateral circulation. These results suggest pro- 
gressive impairment of intermediate carbohy- 
drate metabolism if the liver fails. 


ELECTROLYTE CHANGES 


The carbon dioxide combining power of the 
plasma is but slightly reduced and this is not 
constant. Roberts and her co-workers [38] have 
described a respiratory alkalosis evidenced by a 
high blood pH and a low PCO, level in patients 
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with hepatic coma. Because of the characteristics 
of the oxyhaemoglobin dissociation curve in the 
presence of respiratory alkalosis, oxygen unload- 
ing would be impaired at the tissue level and this 
could diminish cerebral oxygen consumption. 
Respiratory alkalosis can result in neurological 
and electroencephalographic changes similar 
to those of hepatic precoma. This respiratory 
alkalosis might be due to retention of ammonium 
which stimulates the respiratory centre. Experi- 
mentally, alkalosis may also allow ammonium 
to enter the cell more readily [39]. 

Low serum potassium values are sometimes 
noted in patients with hepatic precoma [40] and 
improvement has followed potassium therapy 
[47]. In certain patients with cirrhosis, hepatic 
coma seems to be precipitated by sudden potas- 
sium depletion. This may be due to diarrhoea or 
ACTH administration. It may be one factor in 
the precipitation of coma by abdominal para- 
centesis. Diuretics, especially chlorothiazide, 
given to patients on a rigidly restricted sodium 
intake may result in hepatic precoma [42]. In 
patients with cirrhosis, hepatic precoma has 
followed a dietary regimen low in potassium 
with the addition of exchange resins [43]. 

Magnesium deficiency may be contributory, 
especially in alcoholic subjects and those main- 
tained for long periods on parenteral glucose [44]. 


OTHER FACTORS 


Urinary coproporphyrin excretion varies with 
the degree of hepatocellular failure, diminishing 
with coma and increasing with recovery. Re- 
tained porphyrins may play a part in the cerebral 
dysfunction [45]. 

Unconjugated bilirubin is lipophilic and high 
blood levels are believed responsible for the 
features of kernicterus complicating haemolytic 
disease of the newborn [46]. In the adult, un- 
conjugated bilirubin rarely achieves such high 
values although, very occasionally, this may 
occur and these must be considered a rare 
contributory factor to cerebral dysfunction 
complicating deep jaundice. 

Survival of the perfused brain depends on sub- 
stances released by the liver into the circulation 
[47,48|. Infusion of the nucleosides, cytidine and 
uridine, corrected the faulty metabolism of the 
brain, suggesting that these were metabolites 
essential for the brain and synthesized by the 
liver. Hepatic failure may lead to serious de- 
ficiency of these and other such substances. 


Bessman and co-workers suggest that the pre- 
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Fic. 3. A theoretical diagram illustrating the many factors that might alter cerebral metabolism in a patient with 


hepatic disease. 


cursor for serotonin may be deficient [49]. 
Serial electroencephalographic records were 
taken in patients with hepatic precoma before 
and after parenteral injections of the precursor 
substance, 5-hydroxytryptophane (5 HTP), re- 
sulting in an increase in faster frequencies and a 
decrease in slow activity. These observations 
need confirmation. 


STRUCTURAL CHANGES IN THE BRAIN 


Grossly, the brain reveals little of importance. 
Microscopically, the characteristic change is 
diffuse enlargement to two to three times 
normal and proliferation of the protoplasmic 
astrocytes [50]. This change is diffusely found in 
the grey matter of cerebrum and cerebellum 
and in the putamen and globus pallidus. There 
is no conversion of protoplasmic to fibrous 
astrocytes. The nerve cells show relatively minor 
alterations. This combination, and the extent, 
seem virtually specific for liver disease; they are 
not observed in many other conditions, including 
cerebral anoxia, most instances of uraemia, in 
vitamin B deficiency, head injury or hypo- 
glycaemia. The changes in the brain bear a 
rough relationship to the duration and severity 
of the hepatic coma and precoma, and can be 
expected to develop within a few days. 

The significance of these changes in the 
pathogenesis of hepatic coma is difficult to 
evaluate. It is possible that they contribute to the 


easy response of the brain to toxic influences in 


persons with liver disease, particularly in those 
with chronic neuropsychiatric changes. This 
would certainly apply to patients with coincident 
cerebral disease such as arteriosclerosis. Perma- 
nent structural changes in the brain might be 
related to the failure of the chronic group, even 
when treated, to regain completely their previous 
mental status. 


CONCLUSIONS (FIG. 3) 


The picture of hepatic precoma and coma is in 
most respects non-specific. The organic demen- 
tia, the flapping tremor, the electroencephalo- 
graphic changes and the raised blood ammonium 
values may be encountered in whole or in part 
in other disturbances such as uraemia, congestive 
heart failure or asphyxia. There is no sure labora- 
tory method of diagnosis, and recognition de- 
pends on clinical acumen and the association 
with some of the other features of liver disease 
such as fetor hepaticus, jaundice or ascites. It 
is not justifiable to regard the syndrome as an 
entity of single causation. The reaction of the 
patient with liver disease to seemingly quite 
small metabolic changes in the brain, induced 
for instance by a small dose of morphia or by 
potassium depletion, is quite beyond that seen in 
persons with normal liver function. It is tempting 
to speculate that the brain of a patient with liver 
disease is peculiarly sensitive to metabolic 
insults. This might be related to the multiple, 
additive effect of the numerous toxic factors 
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affecting the brain in such a patient or to failure 
of the liver to provide some metabolite essen- 
tial, perhaps in trace amounts, for cerebral 


metabolism. 


TREATMENT 


If it is accepted that hepatic coma is usually 
of multiple causation, then the first duty is to 
define the factors acting in the particular patient 
and to deal with them accordingly. The major 
known factor is the effect of toxic nitrogenous 
substances formed in the intestine by bacterial 
action on protein and this will be considered 
first. 

Diet: All dietary protein is stopped. At least 
1,600 calories are supplied daily as glucose drinks 
or as 20 per cent glucose through an intragastric 
drip. Twenty per cent or 40 per cent dextrose 
is given intravenously through plastic tubing 
introduced via an antecubital vein into the 
innominate vein or superior vena cava. Small 
veins will be thrombosed by glucose of this 
strength. 

During recovery protein is added in 20 gm. 
increments on alternate days. The protein is 
divided between four meals. Any relapse is 
treated by a return to the former regimen. In 
patients with an acute episode of coma a normal 
protein intake is soon achieved. In the chronic 
group, permanent protein restriction is needed to 
control mental symptoms [57]; the limits of toler- 
ance are usually 40 to 50 gm. per day. In this 
group an exacerbation of symptoms is treated 
by rest and abstention from protein. 

In the acute cases, a few days to a few weeks 
deprivation of protein does not prove harmful; 
and even in the chronic group in which dietary 
protein has to be restricted for many months, 
clinical protein malnutrition is not seen [35]. 
These findings support the observation that in 
patients with liver disease nitrogenous equilib- 
rium can be maintained on a severely reduced 
intake of protein [52], and the risk of teraporary 
nitrogen depletion is preferable to the hazards 
of nitrogen toxicity. This measure, however, is 
indicated only in the patients showing signs of 
coma. Other patients with liver disease may 
benefit by high protein feeding, particularly if 
ascites is forming. Glucose provides a ready 
source of energy, and Jones [53] noted a 30 per 
cent fall in the mortality of acute hepatic insuf- 
ficiency when intensive glucose therapy was 
used. 
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Vitamin K and B complex supplements are 
given parenterally. 

Antibiotics: It seems reasonable to diminish 
bacterial action in the intestine by administering 
a wide-spectrum antibiotic. The tetracyclines 
have the disadvantage of causing diarrhoea and, 
with the emergence of resistant organisms, 
staphylococcal enterocolitis. They are certainly 
not suitable for long-term use. Neomycin given 
orally is very effective in decreasing gastro- 
intestinal ammonium formation [72], an index 
of bacterial action on protein, resistant E. coli 
and staphylococci are uncommon, and little is 
absorbed. This is now the most satisfactory 
antibiotic for routine use in hepatic coma [73]. 
In the acute case, 6 gm. are given daily in di- 
vided doses. Results can be assessed more easily 
in the chronic portal systemic encephalopathies 
when the administration of neomycin is con- 
tinued indefinitely in a dose of 4 gm. daily. It is 
useful not only in controlling symptoms when 
protein restriction fails, but also in allowing a 
higher protein intake [72]. The electroencephalo- 
gram improves, blood ammonium values fall 
and fetor hepaticus is abolished [73]. The stools 
show a changed flora, E. coli decreasing, resist- 
ant Strep. faecalis eventually appearing, and 
bacteroides being unaffected [73]. Clinical 
improvement is difficult to correlate with the 
faecal flora changes [73]. Patients have been 
continued on this treatment for as long as ten 
months with good results. Patients with progres- 
sive deterioration of liver function, however, may 
eventually prove refractory to treatment. 

Neomycin is costly. Its routine use is essen- 
tial in acute coma, but its continuation over 
many months may prove financially impossible. 
However, such patients with the chronic syn- 
drome who find dietary protein restriction 
ineffective are rare, and it is difficult to withhold 
neomycin if it means the difference between 
chronic invalidism and productive work. At- 
tempts must be made to withdraw the antibiotic 
although in many instances it will have to be 
resumed. 

Purgation. Relapses with increasing coma 
may follow constipation, and remissions are 
associated with free bowel action. In the chronic 
group, drastic purgation can result in some im- 
provement clinically and in the electroenceph- 
alogram, and also in a fall in the blood am- 
monium level [73]. The effect is not so dramatic, 
however, as with neomycin and cannot be sus- 
tained for the treatment is too vigorous for con- 


¥ 
Ae 
a 
& 
eg 
gies 
7 
‘ 
GAT. 


810 Hepatic Coma—Sherlock 


tinued use. The value of enemas and routine 
purgation with magnesium sulphate in pa- 
tients with hepatic coma must, however, be 
re-emphasized. 

Glutamic acid therapy is based on the observation 
that glutamic acid reacts with ammonium, form- 
ing innocuous glutamine [54]. Good results have 
been claimed in small series [54,55] although this 
has not been confirmed by wider application 
under controlled conditions [35,56,57]. Certainly 
clinical results may be poor although blood 
ammonium levels may fall [35]. McDermott and 
co-workers [58] have reported good results in the 
group with coma due to gastrointestinal haemor- 
rhage or intolerance of nitrogenous substances 
[58]. The results, however, were no better than in 
a comparable series treated only with protein 
restriction and chlortetracycline [35]. Failures 
were also reported by Webster and Davidson 
[59] although these authors found that large 
amounts of the substance (over 100 gm. daily) 
seemed to be of temporary benefit in some pa- 
tients with cirrhosis. The results are not suffi- 
ciently convincing to recommend the routine use 
of sodium glutamate in hepatic coma. The 
inevitable infusion of large amounts of sodium 
with the glutamate may favour the development 
of pulmonary oedema. 

Arginine is said to reduce the blood am- 
monium levels in hepatic coma [60]. Blood urea 
nitrogen values rose and the effect was pre- 
sumably due to stimulation of the Krebs cycle 
in the liver. In many of the patients treated suc- 
cessfully the coma was precipitated by gastro- 
intestinal haemorrhage or ammonium chloride, 
a group with a high spontaneous recovery rate. 
The administration of ornithine, another mem- 
ber of the Krebs cycle, was of little benefit 
in hepatic coma [27]. Arginine cannot be recom- 
mended for routine use. 

Amino acids such as methionine are toxic to 
patients in hepatic coma. They cannot be 
metabolised by the liver and are already being 
excreted in the urine. Similarly lipotropes such 
as choline prove of no value and may be toxic. 

Thioctic acid (lipoic acid) is a co-enzyme essen- 
tial for the formation of active acetate and 
obligatory for the efficient working of the tri- 
carboxylic acid cycle and hence for the metab- 
olism of pyruvic acid. In view of the increased 
serum pyruvic acid values noted in hepatic 
coma, thioctic acid has been recommended for 
its treatment [67]. Results in four patients, how- 
ever, were very disappointing [27]. 


PRECIPITATING FACTORS 


Patients in impending coma are extremely 
sensitive to sedatives and, whenever possible, 
these are avoided. If an overdose is suspected, 
the appropriate antagonist such as N-allyl nor- 
morphine or megimide should be given. If the 
patient is uncontrollable, half the usual dose of 
barbitone is given; morphine is absolutely con- 
traindicated. Drugs known to induce hepatic 
coma such as ammonium salts, ammonium ex- 
change resins, methionine, urea, acetazolamide 
[62,63] and chlorothiazide are disallowed. 

A common precipitant is gastrointestinal 
haemorrhage, and the gastric contents should be 
examined and a rectal examination performed 
in all patients when the precipitant of coma is 
uncertain. Gastrointestinal haemorrhage with 
hepatic coma is always an indication for the 
Sengstaken oesophageal compression tube. Blood 
transfusion is used to maintain the haemoglobin 
level above 10 gm. per 100 ml. Toxic products, 
including significant and increasing amounts of 
ammonium, develop rapidly in blood after 
shedding [78] and, whenever possible, fresh blood 
is used for transfusion. 

Potassium deficiency may be present or may 
develop if electrolyte-free intravenous feeding is 
associated with a good urinary output. A high 
carbohydrate intake is particu‘arly liable to 
depress the serum potassium value. With oral 
feeding, this can be treated by liberal administra- 
tion of fruit juices or, if the serum potassium level 
is low, by means of 2 gm. potassium chloride 
administered orally three times daily. Intra- 
venous administration of potassium should be 
avoided but if it is imperative 0.1 per cent potas- 
sium chloride may be incorporated with the 
20 per cent glucose and infused at a slow and 
unvarying rate to avoid myocardial toxicity. 

The possibility of the development of delirium 
tremens may tempt the clinician to give alcohol 
to a patient in impending hepatic coma who 
has recently been drinking heavily. This is 
rarely necessary and alcohol should be com- 
pletely withdrawn. The development of delirium 
tremens is an indication for small doses of 
serpasil® or chlorpromazine. 


THE PLACE OF CORTICOID HORMONES 


This therapy has met with little success in the 
hepatic coma complicating cirrhosis [64,65] and 
is not indicated. In virus hepatitis the outlook 
for the comatose patient is so poor that a case can 
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be made for steroid therapy. Favourable results 
have been reported [66] and also failures [67]. 
In fulminant hepatitis it is probably wise to use 
hydrocortisone intravenously in large doses 
(100 mg. six hourly). The steroid does not seem 
to affect the underlying disease process but 
serves only to “‘buy time” so that the enormous 
regenerative capacity of the liver will be able to 
exceed necrosis. I have given this therapy to six 
patients with hepatic coma due to virus hepa- 
titis; four died and two recovered, other lines 
of treatment were being used simultaneously. 


PRACTICAL MANAGEMENT OF COMA [68] 


1. Grade neuropsychiatric status four-hourly. 
Grade 7: minor disorders of consciousness and the 
motor system. Grade 2: gross disorder of con- 
sciousness with disorientation in time and space. 
Grade 3: coma. 

2. Keep daily handwriting chart. Daily tests 
of simple arithmetic and power to copy a five- 
pointed star in matches [69]. 

3. Chart temperature and pulse four-hourly. 

4. Chart depth of jaundice by serum bilirubin 
levels every three days. 

5. Assess hepatic size daily. 

6. Examine lungs carefully daily for evidence 
of infection or oedema. 

7. Chart fluid intake and output. Weigh daily 
if coma is not deep. 

8. Determine haemoglobin level and packed 
cell volume and occult blood examination of 
faeces daily, as a guide to gastrointestinal bleed- 
ing and an indication for blood transfusion. 

9. Determine serum sodium, potassium and 
bicarbonate levels daily to assess electrolyte 
equilibrium. 

10. Determine blood urea level daily espe- 
cially if there is oliguria. 


PROGNOSIS AND RESULTS OF TREATMENT (TABLE 1) 


Prognosis depends on the extent of liver cell 
failure. The chronic group with relatively good 
liver function but with an extensive collateral 
circulation combined with increased intestinal 
nitrogen have the best prognosis, and the acute 
hepatitis group the worst. In cirrhosis the outlook 
is poor when the patient has ascites, jaundice and 
a low serum albumin level, all indicative of 
poor liver cell function [35]. If treatment is begun 
early in the precomatose state, the chances of 
success are increased. 

Hepatic coma has been divided into endog- 
enous (patients with advanced liverdis ease 
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without a clear precipitant) and exogenous 

(patients with reasonably well compensated 

liver disease in whom precipitating factors can be 

incriminated) [58]. This is not a clear-cut classifi- 

cation, for neuropsychiatric features and electro- 

encephalographic records are identical and there 
TABLE I 


HEPATIC COMA (MODIFIED WITH ADDITIONS FROM THE DATA 
OF SHERLOCK, SUMMERSKILL AND DAWSON [35]) 


No. 
Reach- 
Disease Total ing | Deaths 
Grade 
Acute virus hepatitis....... parte 3 19 12 9 
Cirrhosis * 
‘ 56 44 30 
+ Gastrointestinal haemorrhageT. 16 14 10 
Paracentesis abdominis . 9 6 4 
Surgical operation... ... 7 6 3 
Acute alcoholism..... a 3 2 0 
Portal vein thrombosis........... 3 3 3 
Ammonium chloride... . 2 0 0 
2 2 1 
Chronic....... 27 17 0 
Extrahepatic portal vein block... . . 0 0 
+ precipitant 
Chiari’s syndrome............. 2 2 
Low output cardiac failure; hepatic 
108 76 42 


* Only five patients suffered from biliary cirrhosis. 

t The major precipitant is given. Multiple factors were usually pres- 
ent and these often included morphia and barbiturate administration. 
Patients in the chronic cirrhotic group had a large portal collateral 
circulation and in all instances hepatic precoma could be precipitated by 
a high protein diet. 
is no diagnostic biochemical differentiation 
between the groups. A multiplicity of pre- 
cipitating factors may occur in the same patient, 
and gastrointestinal haemorrhage impairs liver 
function as well as increasing nitrogen in the 
intestine. Haemorrhage is also common in pa- 
tients already comatose. It is not surprising, 
however, that the prognosis is better in the 
group with a clear precipitant; for this indicates 
a positive line of therapy. 

Assessment of therapeutic results in hepatic 
coma is complicated by the unpredictable 
fluctuations in its clinical course. Investigations 
should therefore be conducted on large series of 
patients on controlled regimens, with recovery 
(defined as ability to be discharged from hospital) 
as the sole criterion of success. Patients with 
chronic portal systemic encephalopathy (chronic 
intermittent stupor) must be separated from the 
acute group; for in these patients, provided oral 
protein is withheld, spontaneous recovery is 
usual. 
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The therapy of hepatic coma is only one facet 
of the whole management of the patient with 
chronic liver disease. The chances of another 
complication developing or of coma recurring 
are considerable. The majority of survivors, 
however, are alive one year later and treatment 
is eminently worthwhile. This is particularly 
true of the group with acute hepatitis in which 
recovery, if it occurs, is usually complete and 
not followed by cirrhosis. The regimen described 
pays particular attention to the control of toxic 
nitrogenous substances passing from the intes- 
tine to the brain; this is only one aspect of liver 
failure. Electrolyte and other metabolic changes 
must be occurring when the liver fails. This con- 
servative regimen is suggested as the best avail- 
able and will be modified when other effective 
remedies are discovered. 
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Case Reports 


Coronary Heart Disease in Identical 
Female Twins 


Rutu B. BENEDICT, M.D. 
Washington, D. C. 


LTHOUGH coronary heart disease is a com- 
mon condition, to the best of my knowledge 
no more than six instances of this disorder in 
identical male twins have been published in the 
American and Western European literature 
[7-4]. Only four of these can be accepted as 
proved instances of coronary disease in both 
twins, since in cases E.Z.5 and E.Z.13 of 
Kahler and Weber there is convincing evidence 
of the presence of the disease in only one of each 
pair of twins [3]. I have found no previous 
description of the disease in female twins. It 
therefore seemed worthwhile to report the 
following instance of coronary insufficiency in 
uniovular twin sisters in their early forties. 
Their case is of further interest because of the 
low incidence of the disease in women of this 
age group who do not have diabetes, hyperten- 
sion or familial hypercholesterolemia. 


CASE REPORT 


The twins, C. D. and A. R., were born on a farm in 
the Mid-west in February, 1914. They have always 
looked so much alike that even today it is almost im- 
possible to tell them apart. The close similarity in their 
general appearance, features, hair, eye and skin color 
and texture, and in other aspects conforms to the crite- 
ria of Newman for the recognition of identical twins 
[5]. They have one older and four younger healthy 
brothers. Their parents are unrelated. The father died 
recently at seventy-five years of age of an “enlarged 
heart” without evidence of clinical coronary throm- 
bosis. The mother is seventy years old and well. A 
maternal uncle had a “‘heart attack” at forty years of 
age and died of an enlarged heart at seventy-five. A 
second cousin died of long-standing diabetes and 
kidney trouble at thirty-five years. Otherwise there is 
no family history of heart disease, hypertension or 
diabetes. 

The twins have always been close to each other. 


After their childhood on the farm they attended col- 
lege together and majored in related fields. C. D. was 
considered a little stronger and more self-reliant than 
her sister. She has remained single, and has worked as 
a restaurant manager in Washington since 1942. I 
first saw her in 1944 for a kidney stone which she 
passed successfully. Since then she has had no further 
renal trouble. In 1953 she had a hemithyroidectomy 
for nodular goiter, and a biopsy of the breast which 
showed fibrocystic mastopathy with sclerosing adeno- 
sis. In January, 1955 she was seen for a routine check- 
up. On persistent questioning, it was learned that 
during the past year she had noted occasional, non- 
radiating, high subternal tightness with exertion, 
hurry and excitement. The sensation, which was more 
apt to occur in the cold, disappeared promptly 
when she stopped the activity which brought it on. 
She had also noted a little shortness of breath with 
exertion. The remainder of the history was negative 
except for the complaint of premenstrual tension. 
She was a well developed forty year old white 
woman who was 5 feet 314 inches tall and weighed 
124 pounds. A pea-sized nodule was noted in the up- 
per pole of the right thyroid lobe, and the breasts were 
diffusely nodular. Examination of the heart showed 
the point of maximum impulse to be in the fifth 
intercostal space within the midclavicular line. The 
heart sounds were good. The aortic second sound was 
slightly greater than the pulmonic second sound, but 
it was not accentuated. The pulse was 80 and regular, 
and the blood pressure was 105/70 mm. Hg. The rest 
of the examination was within normal limits. Blood 
count and urinalysis were normal. A chest x-ray at a 
somewhat later date showed that the heart was normal 
in size. The ascending aorta was somewhat elongated 
and tortuous. A resting electrocardiogram at the end 
of February showed low, slightly diphasic T waves in 
V2 and V; and was otherwise within normal limits. 
(Fig. 1.) The single Master two-step test was positive 
with a flat T,; and an inverted Ty, after exercise. 
When she was seen again in early March she stated 
that she had had daily chest pain on exertion and 


*From the Department of Medicine, George Washington University School of Medicine, and The Group Health 
Association, Inc., Washington, D. C. 
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Fic. 1, Electrocardiograms of C. D. and A. R. before onset of coronary insufficiency. 


hurry. The pain lasted fifteen minutes after cessation 
of activity and was more frequent during the pre- 
menstrual period. At this time her resting electro- 
cardiogram showed flat T waves in leads I and V; and 
inverted T waves in V, through V,. (Fig. 2.) Since 
she had no one to care for her at home, she was 
hospitalized for three weeks with a diagnosis of 
coronary insufficiency. Although she felt rather 
discouraged and apprehensive while in the hospital, 
her course there was uneventful. After discharge she 
regained her strength and energy slowly. At present 
she is working full time at her rather taxing job. She 
still has occasional angina on exertion, but is again 
engaging in a fair amount of outside activity. Her 
cardiogram has reverted to its original configuration. 
(Fig. 3.) 

A. R. and her husband came to Washington in 1942. 
At this time she was found to have a large uterine 
fibroid, and a subtotal hysterectomy was performed. I 
first saw her in 1943, prior to the adoption of a baby 
boy. Some years later her husband became seriously 
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ill with a chronic relapsing disease of which he even- 
tually died in 1954. During this difficult and anxious 
period she returned to work in order to secure her 
future. Her job was arduous, poorly paid and un- 
pleasant. In 1953 a left hemithyroidectomy and 
biopsy of the breast was performed. The pathological 
findings were similar to those noted in her sister. In 
1955, about six months after her husband’s death, she 
was further upset by her sister’s illness and feared that 
the same fate might lie in store for her. At this time 
her history was negative. On physical examination 
she was 5 feet 244 inches tall and weighed 122 pounds. 

Her breasts were diffusely nodular. The point of 
maximum impulse of the heart was in the fifth inter- 
costal space within the midclavicular line. The heart 
sounds were good. A, was somewhat greater than P». 
The pulse was 80 and regular, and the blood pressure 
was 105/80 mm. Hg. Chest x-ray showed a normal 
heart with a somewhat dilated ascending aorta. The 
resting electrocardiogram was normal. Tye and Ty; 
were upright. (Fig. 1.) The single Master two-step 
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coronary insufficiency. 


test was normal, but the double test showed ST depres- 
sions of 0.5 mm. in lead 1 and of 0.9 mm. in lead un. 
Blood count and urine examinations were normal. 
Toward the end of August, 1955, she first noted 
substernal “‘tiredness” which occurred after, but not 
during, exertion. This lasted about half an hour at a 
time. On August 30 it had been present all morning. 
There was no change in the physical examination. 
The electrocardiogran was within normal limits, but 
T waves in the limb leads and over the precordium 
were lower than they had been. When she was seen 
again on September 9 she had been feeling weak, 
tired and anxious. No classical anginal pain had been 
present, but she had noted an “uncomfortable uneasy”’ 
feeling in the substernal area when tired. She also 
complained of air hunger with sighing respiration, 
intermittent palpitations and cold sweaty hands. The 
electrocardiogram now revealed generally low T 
waves. TV, through V; were inverted and TV, was 
flat. (Fig. 2.) She was put to bed for three weeks, and 


then slowly resumed her activities. During this time 
her cardiograms showed accentuation and then a 
partial regression of the T wave changes. After seven 
weeks at home she started on a better paid and more 
satisfactory job. Her physical progress was com- 
plicated by the accentuation of previously present 
anxiety symptoms. These were ameliorated by three 
months of supportive psychotherapy. At present she is 
getting along well but still tires easily. All findings 
are normal except for slightly diphasic T waves in 
V2 and V;. (Fig. 3.) 


FURTHER TESTS 


Displacement, velocity and acceleration bal- 
listocardiograms with the modified Dock technic 
using the Smith-Perls instrument were per- 
formed on both twins by Dr. John E. Smith and 
were found to be normal. Protein-bound iodine 
value was 5 mg. per cent in C. D. and 5.1 mg. 
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Fic. 3. Representative electrocardiograms of C. D. and A. R. one year after re- 
covery from coronary insufficiency. 


per cent in A. R. A glucose tolerance test was 
normal in C. D. and somewhat hypoglycemic in 
A. R. Cholesterol and lipid determinations, per- 


Patient 
Tests 
C. D. A. R. 

Serum total lipid (Sperry and 

612 mg.% | 787 mg. % 
Cholesterol (Sperry and Webb) | 211 mg.% | 230 mg.% 
Cholesterol esters............ 148 mg.% | 158 mg.% 
Phospholipids (Fiske and 

250 mg. % | 300 mg.% 
Cholesterol/phospholipid ratio.| 0.84 0.77 
Per cent beta lipoprotein 

(Langam, Durrum and 

70.6% 75% 
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formed by Dr. Harold Orvis, were in the high 
normal range for his laboratory. 


COMMENTS 


The history, physical findings, laboratory 
studies and clinical course of the disease in these 
twins show many similarities. Unlike the pre- 
viously reported four cases of coronary disease in 
identical twins, in which all patients exhibited 
mild to moderate hypertension and one each of 
two sets were known to have diabetes, neither 
of these women had high blood pressure or 
diabetes. C. D. noted anginal pains for more 
than a year before the onset of coronary insuffi- 
ciency, and has continued to experience mild 
angina since then. A. R. complained of vague 
chest discomfort but has never noted typical 
angina pectoris. Despite this absence of symp- 
tomatology, she had coronary insufficiency six 
months after her sister. In both women the 
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episodes were clinically mild, and in both they 
were followed by many months of weakness and 
easy fatigability. It is especially interesting that 
A. R. had lived through years of anxiety in 
connection with her husband’s illness prior to 
the onset of her own disease. During this time 
she had also felt harassed by a harsh driving 
supervisor, and she had had many problems 
connected with the rearing of her boy. She had 
always been the more dependent of the twins, 
and overt anxiety symptoms had developed 
after her husband’s death. Despite these multiple 
strains she became ill some time after her sister, 
and her sickness has not been more severe. 

In two of the previously reported cases of 
coronary heart disease in uniovular twins the 
course of the illness was also very similar in each 
pair [7,4]. In the other two the information given 
is less complete, and the similarity in each pair 
seems less striking [3]. 

Physical examination of the sisters showed a 
close correspondence in their height, weight, 
blood pressure and cardiac findings. On chest 
x-ray there was some tortuosity of the ascending 
aorta in each twin. The heart configurations 
were similar, but C. D.’s heart was somewhat 
fuller than A. R.’s. Comeau and White [6] have 
noted a close correspondence in heart size and 
configuration in identical twins. 

The twins’ original electrocardiograms re- 
sembled each other but were not identical. 
A. R.’s tracings have consistently showed higher 
voltage, especially in the limb and unipolar 
leads. C. D.’s first tracing, which was taken at a 
time when she may already have been suffering 
from coronary insufficiency, showed low, slightly 
diphasic T waves in V2 and V3, while these 
waves were upright in A. R.’s first record. 
Master tests were positive in both, but a double 
test was needed to bring out ST depressions in 
A. R., while a single test produced T wave in- 
version in C. D. Electrocardiographic changes 
during the episodes of coronary insufficiency 
showed analogous T wave abnormalities in 
both twins. Each now has a normal electro- 
cardiogram except for the previously described 
T wave changes in V2 and V3. 

As far as can be ascertained from the descrip- 
tions of electrocardiograms in the previously re- 
ported cases, the similarity of the tracings in 
each set of twins was not especially striking. 
However, the electrocardiographic studies in 
these cases were rather meager. Wise and col- 
leagues [7] studied electrocardiograms in 


identical and fraternal twins with normal hearts. 
Almost 50 per cent of the uniovular twins had 
closely similar tracings, while another twenty- 
five per cent showed some similarity in their 
records. In biovular twins, on the other hand, 
tracings were closely similar in less than 25 per 
cent and showed no resemblance in 50 per cent. 

It is of interest that each twin had a normal 
ballistocardiogram. In Dr. Smith’s experience 
only 10 per cent of patients with proved coronary 
artery disease are free of abnormalities by this 
examination. 

Cholesterol and lipid studies were in the high 
normal range in each sister. A. R.’s values were 
consistently higher. Cholesterol values previ- 
ously reported in sixteen year old [8] and ninety- 
nine year old [9] uniovular female twins were 
practically identical. In the ninety-nine year 
old women, phospholipids and serum protein 
fractionations were also closely similar. On the 
other hand, in a pair of fifty-five year old 
identical male twins exhibiting xanthoma 
tuberosum without clinical coronary disease the 
cholesterol value was 414 mg. per cent in one 
and 463 mg. per cent in the other [70]. 

Many investigators have suspected a heredi- 
tary element in coronary disease but its existence 
remains unproved. A systematic investigation of 
the illness in a series of identical and fraternal 
twins could shed considerable light on the 
subject. Kahler and Weber [3] attempted such 
a study for all forms of heart disease. Unfortu- 
nately, their patients with coronary disease were 
few in number and inadequately studied. The 
main value of their work lies in the number of 
cases which it contributes to the literature, but 
no definitive conclusions about heredity in the 
disease can be drawn from it. While individual 
case reports such as the present one can not 
prove the presence of heredity in coronary 
artery disease, they are sufficiently suggestive to 
raise the strong suspicion of its presence. 


SUMMARY 
This report deals with the first instance of 
coronary heart disease in identical female twins 
to be reported in the American and Western 
European literature. Coronary insufficiency de- 
veloped in their early forties. Pertinent findings 
relating to their condition showed a striking 
similarity of the disease picture in each. 
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Acute Disseminated Coccidioidomycosis" 


Capt. EpwarpD S. MONGAN, M.C. 
Fort Bliss, Texas 


monary infection with a good prognosis. 
When the disease becomes disseminated, how- 
ever, it is a chronic, progressive and often fatal 
condition. During the last eighteen months there 
have been nine cases of disseminated coccidioido- 


aaa is usually an acute pul- 


Fic. 1. Posteroanterior film of the chest taken on March 
25, 1957. 


mycosis treated at the William Beaumont Army 
Hospital. In all but one of these cases the course 
was prolonged, with death or recovery occurring 
after many months. The following is a case report 
of a patient who died of disseminated coc- 
cidioidomycosis two weeks following the onset of 
symptoms. 
CASE REPORT 


B. T. M., a twenty-one year old white, married 
housewife was first seen at the William Beaumont 


Army Hospital on March 25, 1957. Ten days previ- 
ously she had first noted a frequent, hacking, non- 
productive cough which persisted until the time of 
admission and was associated with marked exertional 
dyspnea. The patient became short of breath on walk- 
ing one block. She had had an occasional “chilly 
feeling’”’ but no chills. Because of these symptoms the 
patient came to the general medicine clinic on March 
25, 1957. A chest x-ray at that time revealed a fine 
granular infiltration throughout both lungs, and she 
was admitted for evaluation and therapy. There was 
no history of recent exposure to any contagious dis- 
ease, toxins or to parakeets. 

The past history was not remarkable. The patient 
had lived in Cleveland, Ohio, until August 1956, 
when her husband entered the U. S. Army and was 
stationed at Fort Bliss, Texas. The patient was six 
months pregnant. She had had no difficulties during 
the pregnancy and a routine prepartum chest x-ray 
on December 3, 1956 was normal. The family history 
was of interest in that a paternal grandfather had had 
pulmonary tuberculosis, but the patient had not been 
recently exposed. There was no other family history 
of tuberculosis or any other pulmonary disease. 

Physical examination disclosed an acutely ill 
twenty-one year old white woman in marked respira- 
tory distress. Her temperature was 104°F., pulse was 
110 per minute and regular, respirations were 40 per 
minute and her blood pressure was 120/75 mm. Hg. 
Cyanosis was not present on admission. Positive 
physical findings included equal, bilateral respirations 
with some dullness at both bases posteriorly and fine 
rales at both bases posteriorly and laterally. Except 
for the tachycardia, the heart was normal. No peri- 
cardial friction rubs were heard. The uterus was en- 
larged and palpable at the umbilicus. The liver was 
tender and palpable one fingerbreadth below the right 
costal margin. The remainder of the physical exam- 
ination was normal. 

Laboratory examination revealed a white blood cell 
count of 9,600 per cu. mm. with 89 per cent neutro- 
phils, 10 per cent lymphocytes and 1 per cent eosino- 
phils. The hemoglobin was 11.4 gm. per 100 ml., and 
the hematocrit was 38 per cent. The urinalysis was 
normal. No pathogens were isolated on sputum or 
throat culture. The serological test for syphilis was 
negative. Two L.E. preparations were negative. 
PPD No. 1, PPD No. 2, coccidioidin 1:1000 and 


* From the Department of Medicine, William Beaumont Army Hospital, Fort Bliss, Texas. 
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Fic. 2. Section of the lung obtained at autopsy enlarged 
150 times. Note the spherical masses containing endo- 
spores which are the fungus C. immitis. 


1:100, and histoplasmin were negative. The blood 
carbon dioxide was 25 mEq./L., chloride was 100 
mEq./L. The chest x-ray (Fig. 1), taken just before 
admission, was read as showing, “fine, granular ap- 
pearing infiltrations, uniformly distributed throughout 
both lungs. There is no evidence of pleural effusion or 
hilar adenopathy. The heart and aorta appear nor- 
mal.” The impression of the radiologist was that the 
chest x-ray was suggestive of miliary tuberculosis but 
that histoplasmosis, coccidioidomycosis and sarcoido- 
sis should be considered. 

Three laboratory results, which were not available 
until after the death of the patient, were a urine and 
sputum culture, both of which grew out Coccidioides 
immitis, and a complement fixation test for coc- 
cidioidomycosis which revealed a titer of 4{,. There 
was no titer found against either histoplasmosis or 
blastomycosis. 

On admission the patient was placed on bedrest, 
isolation; 600,000 units of procaine penicillin was 
administered twice dailyrand 250 mg. of terramycin® 
four times daily. The next morning her fever persisted 
and she had minimal cyanosis of her lips and nailbeds. 
She was placed in an oxygen tent. The venous pres- 
sure was 140 mm. of saline solution and the circula- 
tion time was twelve seconds arm to tongue. 

On the third hospital day a repeat chest x-ray was 
unchanged and the patient’s temperature remained 
between 103° to 104°r. She received a trial of amino- 
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Fic. 3. Section of the liver obtained at autopsy enlarged 
150 times. Note the spherical form of the fungus in the 
Langhans’ giant cells. 


phyliine, 0.5 gm. administered intravenously, without 
any change in her respiratory distress. She was started 
on a regimen of streptomycin 1 gm. ,per day and 
isonized 100 mg. three times a day, and was given 
400 mg. of hydrocortisone intravenously. On the 
fourth hospital day the patient showed slight improve- 
ment, her temperature going down to normal and her 
dyspnea decreasing somewhat. She was given 80 mg. 
of metacortin® orally that day. On the fifth hospital 
day the patient was again febrile and cyanotic. By 
3:00 p.m. she was cyanotic, even in the oxygen tent, 
and did not improve when nasal oxygen was started. 
Respiratory difficulty increased and she died at 
6:30 p.m. on March 30, 1957. 

At autopsy an intrauterine pregnancy of approxi- 
mately twenty-four weeks was found. The placenta 


and fetus were normal. The ovaries were normal and » 


on section a small corpus luteum cyst was seen. The 
lungs weighed 1,250 gm. each and there was some 
fibrinous exudate over the pleural surfaces. On section, 
there were many yellowish white nodules measuring 
approximately 1 mm. in diameter uniformly dis- 
tributed throughout the lobes of both lungs. The gross 
appearance looked like miliary tuberculosis to the 
pathologist. On microscopic examination, however, 
the alveoli were filled with eosinophilic amorphous 
material together with polymorphonuclear leukocytes, 
macrophages and Langhans’ giant cells. Within the 
giant cells were seen spherical masses containing 
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endospores consistent with C. immitis. (Fig. 2.) 
Although the liver did not appear abnormal on gross 
examination, on microscopic section granulomatous 
lesions were present containing spherical bodies con- 
sistent with C. immitis. (Fig. 3.) Microscopically 
the kidneys, adrenals and spleen were also involved 
by the fungus. 


COMMENTS 


In the white race, dissemination occurs in 
about one of five hundred cases of coccidioido- 
mycosis, but it occurs fourteen times as fre- 
quently in Negroes and 180 times as frequently 
in Filipinos [7]. Pregnant patients seem to have a 
greater tendency to dissemination [2]. Although 
almost any organ of the body can be involved, in 
our patients, skin and bone involvement has 
been most frequent. In the disseminated form of 


- the disease the skin test is usually negative; 
‘indeed, if it becomes positive, it is usually con- 


sidered a good prognostic sign [3]. The diagnosis 
of disseminated coccidioidomycosis can be made 


-antemortem by biopsy and culture of an extra- 


pulmonary lesion, or by a complement fixation 
titer of 42 or greater. The titer of 14 ¢ found in 
this patient was suggestive but not diagnostic 
of dissemination [4]. Once dissemination has 
occurred the patient has, at best, a fifty-fifty 


chance of survival. Death usually occurs follow- 
ing a long, debilitating illness, during the course 
of which the patient becomes cachectic and 
multiple draining abscesses may develop. To 
date no effective therapy has been found, al- 
though a new drug, amphotericin B, is being 
tried here and in other hospitals in the endemic 
area to see if it is of value. Unfortunately, this 
patient was admitted before we had a supply of 
the drug. 


SUMMARY 


A report is presented of a young woman who 
died two weeks after the onset of symptoms of 
disseminated coccidioidomycosis. 


REFERENCES 


1. Baum, G. L. and Scuwarz, J. Coccidioidomycosis: a 
review. Am. J. M. Sc., 230: 82, 1955. 

2. Vaucuan, J. E. and Ramirez, H. Coccidioidomycosis 
as a complication of pregnancy. California Med., 74: 
121, 1951. 

3. Smrrn, C. E., Wuirtine, E. G., Baker, E. E., Rosen- 
BERGER, H. G., Bearp, R. R. and Sarro, M. T. The 
use of coccidioidin. Am. Rev. Tuberc., 57: 330, 1948. 

4. Surrn, C. E., Sarro, M. T. and Smons, S. A. Pattern 
of 39,500 serological tests in coccidioidomycosis. 
J. A. M. A., 160: 546, 1956. 


AMERICAN JOURNAL OF MEDICINE 


~ 
“og 
> 
f 
. 
“ 
« > 
2% 
434 
4 
3 


Diffuse Interstitial Fibrosis of the Lungs” 


Successful Treatment of a Case, with Adrenal Steroids 


S. J. FLEISHMAN, M.B., M.R.C.P.(Edin.) A. R. Bosman, M.B., D. N. FULLER, F.R.C.S. 
Johannesburg, Union of South Africa 


NLY thirty-nine cases of diffuse interstitial 
fibrosis of the lungs (Hamman-Rich syn- 
drome) have been reported since the original 
descriptions by Hamman and Rich in 1935 [7] 
and 1944 [2]. This is a disease of unknown 
etiology in which progressive and unremitting 
dyspnoea is a constant symptom; other features 
which are frequently present are cough, haemo- 
ptysis, cyanosis, clubbing of the fingers, loss of 
weight and right heart failure. The onset may 
be insidious or acute. With the exception of one 
instance [3] in all cases reported so far the pa- 
tients have died from either respiratory or 
cardiac insufficiency. Those with an acute onset 
have usually died in a few weeks or months, 
while many of those with more chronic disease 
have survived for periods up to nine years. The 
histological features are a widespread connective 
tissue hyperplasia throughout the interstitial 
structures of the lungs, accompanied in places 
by metaplasia of the alveolar epithelium and the 
formation of alveolar hyaline membranes. The 
proliferative fibroblastic reaction in the alveolar 
walls seen in the early stages of the disease is 
replaced by collagen lz‘ on. Bacteria or other 
specific etiological agents are not in evidence 
and the alveoli themselves contain little if any 
cellular inflammatory exudate, although eosino- 
phils may be seen in the interstitial tissues. 
These findings are by no means specific as 
identical changes may be found in the pneumo- 
conioses, beryllium poisoning, organising pneu- 
monia and in the so-called collagen diseases. 
The clinical and pathological aspects of diffuse 
interstitial fibrosis of the lungs have been fully 
discussed recently by Peabody et al. [4] and by 
Grant et al. [5]. 
This report concerns a case of diffuse inter- 
stitial fibrosis of the lungs which assumed a very 


acute form and in which a remission lasting 
three and one-half years has been induced by 
adrenal steroid therapy. Respiratory function 
studies were performed throughout the course 
of the illness. Isolated studies indicate that the 
characteristic physiological defect is a disturb- 
ance of diffusion, but assessments of respiratory 
mechanics have not previously been reported, 
nor are we aware of any long term physiological 
studies in cases under treatment. 


CASE REPORT 


On December 4, 1953, a twenty-one year old un- 
married woman, consulted one of us (S. J. F.) com- 
plaining of cough and shortness of breath. She had 
been well until March of that year when a cough 
developed productive of a small amount of yellow 
sputum. She was treated with chlortetracycline with- 
out benefit. Two months later, because of persistence 
of the cough, her chest was x-rayed; no abnormality 
was found. The cough gradually abated but she then 
noticed breathlessness on exertion which became 
progressively worse during the ensuing months. Five 
months later the cough returned and she received 
several injections of penicillin followed for a week by 
sulphadiazine. therapy without improvement in her 
symptoms. In November, 1953, she was again x-rayed 
because of pain in the right side of the chest and recur- 
rence of the cough. The film showed appearances 
compatible with an incompletely resolved pneumonia 
at the right lower zone. 

The physical examination was essentially negative 
with the exception of a temperature of 99.2°F., a 
pulse rate of 100 per minute and fine crepitations over 
the right lower lobe. The sedimentation rate was 
15 mm./hour (Westergren). Examination of the 
sputum showed no tubercle bacilli. An x-ray film of 
the chest showed fine linear streaking at the right 
lower zone but no other definite abnormality. 
Bronchiectasis was suspected and she was admitted to 
hospital five weeks later for further study. Her condi- 
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824 Diffuse Interstitial Fibrosis of the Lungs—Fleishman et al. 
TABLE | 
LUNG VOLUME MEASUREMENTS, MIXING AND EXERCISE TESTS 
Lung Volume and Subdivisions Hugh-Jones Test Oz % Saturation} 
Vital Capacity | Residual Volume | Resid- 
ual Lung 
Date Vol- Mixing Stand- 
ume/ Resting | Exercise Dysp- Fall | Rise 
Index ard At 
Total Venti- | Venti- Venti noeic R on on 
% Te Lung lationt | lationt enti- | Index est | Effort| O: 
(L.) Pre- (L.) Pre- Capac- lationT 
dicted * dicted * ity 
(X 100) 
March 15, 1954 (first 
CS ery a9 69 1.22 68 29 2.26 10.6 40.4 46.5 44 96 |— 7.5| + 9 
25, 1958... 2.7 64 57 54 26 2.06 11.0 41.9 46.6 40 89 |—41 +10 
June 4, 1956 (treatment 
RS 3.62 86 1.53 79 28 2.23 12.0 54.0 61.0 43 96 |I-— 5 ++ 7 
September 4, 1956..... 3.14 75 1.83 101 37 1.90 8.7 43.4 44.8 33 95 |—10 + 8 
October 2, 1956....... 3.14 75 1.58 88 33 1.70 11.0 42.0 rad 34 93 |-—7 + $8 
December 5, 1956 
(second relapse)... . . 2.85 68 1.44 80 34 2.23 10.2 46.0 52.0 41 94 |—11 + 9 
January 11, 1957...... 2.62 62 1.50 83 36 2.18 10.71 42.7 44.2 36 86 |-—19 +13 
! 


* Normal values taken from data of Goldman (1956). 
t L./minute, B.P.T.S. 
~ Waters Conley Absolute Reading Oximeter. 


tion had deteriorated markedly by that time in that 
she had become dyspnoeic at rest, the pulse rate had 
increased to 132 per minute, clubbing of the fingers 
and cyanosis of the tongue had become evident, and 
the crepitations had extended to involve most of the 
right lung and the lower lobe of the left. A broncho- 
gram of the right lung only and bronchoscopy 
revealed no abnormality. On the next day cyanosis 
and dyspnoea had increased markedly and a gallop 
rhythm was heard at the xiphisternum. An electro- 
cardiogram showed gross inversions of the T wave in 
leads 1, 2, AVF and in all the V leads with a deep 
S in leads 1 and AVL and a tall R in V1. (Fig. 1A.) 
The pattern was regarded as indicating severe cor 
pulmonale. No significant change had occurred in the 
x-ray appearances of the chest. A blood count showed 
a marked neutrophil-leukocytosis (hemoglobin 15.9 
gm. per cent, leukocytes, 30,000 per cu. mm.; 
neutrophils, 82 per cent; monocytes, 3 per cent; 
lymphocytes, 14 per cent, basophils, 1 per cent). 
A provisional diagnosis of Hamman-Rich syndrome 
with acute cor pulmonale was made and treatment 
with erythromycin and cortisone was started. The 
dose of cortisone was 300 mg. on the first day, 200 mg. 
on the second day and 125 mg. daily thereafter. 


There was considerable general improvement during 
the following few days, with lessening of the degree 
of cyanosis and dyspnoea and a fall in pulse rate. A 
blood count on the fifth day of treatment was, how- 
ever, virtually unchanged. Within three weeks dysp- 
noea was no longer present, cyanosis was slight and 
the crepitations had almost completely disappeared 
from both lungs. The erythromycin was discontinued 
but the daily dose of 125 mg. of cortisone was main- 
tained. After twenty days of treatment an open thora- 
cotomy was performed under general anesthesia and a 
biopsy specimen of the lung was obtained from the 
right lower lobe. It was noted that the whole lung, and 
especially the lower lobe, felt indurated and that sub- 
pleural emphysema was present; the pericardium ap- 
peared normal. Histological examination of the 
specimen showed a diffuse thickening of the alveolar 
walls with cuboidal epithelium cells lining some of the 
alveoli. The thickening consisted mainly of reticulin 
fibres, cellular infiltration being minimal. The ap- 
pearances were considered to be those of adiffuse 
interstitial fibrosis of the lungs consistent with that 
described by Hamman and Rich. 

Sputums revealed mixed organisms but no tubercle 
bacilli. The following tests were negative and non- 
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TABLE 
MECHANICS OF BREATHING STUDIES 
Maximum Breath- t Rest and on Hyperventilating| After Exercise 
ing Capacity } 
. Respira- Respira- 
pira 
MMF* Resistance ft Resistance 
% Compli- Rate Compli- Rate 
(L./min.) Inspira- Expira- Inspira- | Expira- 
tion tion tion tion 
March 15, 1954 (first | 
relapse) : | 89 71 
April 25, 1955.........| 105 84 Pr, .096 86 2.04 38 
June 4, 1956 (treatment | 126 | 101 .131 81 4.79 37 .154 3.19 30 
stopped) | .081 61 3.03 79 
September 4, 1956 | 134 107 3.9 .083 55 3.89 28 .077 3.45 4.5 28 
049 27 2.80 | %6 
October 2, 1956........] 119 95 3.44 .092 .22 4.09 24 .098 3.62 3.85 34 
| | 073 1 | 3.13 | 65 
December 5, 1956 112 89 3.70 .094 a 23 .080 2.28 4.75 26 
(second relapse). . .076 | 31 | 3.29 73 
January 11, 1957....... 119 94 3.50 .048 6.92 | - 6.21 22 .067 5.03 8.55 24 
| 4.13 | 4.67 53 


* Maximum midexpiratory flow. 
t L./em. H:20O pressure. 
tcm. H:O/L./second. 


contributory: rickettsial complement fixation includ- 
ing Q fever, direct Coombs’ test, examination for L.E. 
cells, thymol turbidity (3.5 units), zinc turbidity 
(12.4 units), thymol and cephalin cholesterol floc- 
culation, alkaline phosphatase (12.4 King-Armstrong 
units), serum bilirubin (0.1 mg. per cent), Kolmer 
cardiolipin, blood urea (30 mg. per 100 ml.), serum 
albumin (2.7 gm.) and serum globulin (3.1 gm. per 
100 ml.). 

When the patient was discharged on the thirty- 
seventh hospital day she was free of symptoms except 
for mild exertional dyspnoea; she showed no physical 
signs apart from slight finger clubbing. A maintenance 
dose of 125 mg. daily of cortisone was prescribed. 

Soon after her discharge (March, 1954) respiratory 
function tests were performed (Appendix and Tables 1 
and 1) the results of which were compatible with the 
Hamman-Rich syndrome. A uniform reduction in 
the subdivisions of lung volume suggested a diffuse 
restrictive pathologic condition; on effort a fall of 
7.5 per cent in arterial oxygen saturation was recorded, 
a finding which in the absence of distribution defects, 
pulmonary oedema or arteriovenous shunts was con- 
sidered to be the result of a disturbance of diffusion. 
An electrocardiogram showed marked improvement, 
in that the T wave in lead 2 became positive, that 
in lead 3 and AVF less deeply inverted, those in leads 
V2 to V6 isoelectric or positive, and the R-wave in V1 
smaller. (Fig. 1B.) 

Her condition remained satisfactory during the en- 
suing months, her dyspnoea slowly disappeared and 
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the blood count returned to normal. The dose of 
cortisone was gradually reduced so that she was re- 
ceiving 25 mg. daily in March, 1955, one year after 
her discharge from hospital. It was intended to dis- 
continue treatment entirely but in the meantime she 
was allowed to go on holiday. On her return three 
weeks later she complained once again of marked 
breathlessness on exertion. Physical examination 
revealed a respiratory rate of 24 per minute and slight 
cyanosis of the tongue, although nothing abnormal 
was to be heard on auscultation of the chest. The 
electrocardiogram had deteriorated and showed a 
pattern closely resembling that of January 15, 1954, 
although the T wave inversions were somewhat less 
marked. (Fig. 1C.) The appearances of the chest on 
x-ray had not altered. Prednisone was substituted for 
cortisone in the dosage of 30 mg. daily for two days, 
25 mg. daily for two days and 20 mg. daily thereafter, 
with rapid improvement in her clinical condition. 
After three weeks the dose was reduced to 15 mg. daily 
without recurrence of breathlessness or other symp- 
toms. A leukocytosis was present on April 14, 1955 
(17,900 per cu. mm.; neutrophils, 72 per cent). 
Respiratory function tests at this time were similar to 
those carried out thirteen months previously with 
one exception. Arterial oxygen saturation now fell 41 
per cent on effort in contrast to the previous fall of 
7.5 per cent. This suggested a severe diffusion defect 
in the lungs and was in keeping with an extension of 
the pathologic condition involving the alveolar walls. 

The patient continued to take 15 mg. of prednisone 
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Fic. 1A-D. Electrocardiograms illustrating the variations which occurred during the course of the illness. 


daily and remained well. On June 1, 1956, she was 
readmitted to the hospital with the object of making a 
second attempt at discontinuing therapy which she 
had by this time been receiving continuously for two 
years and five months. The prednisone was completely 
withdrawn and corticotropin was given in a dosage of 
20 units subcutaneously every six hours; this was 
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continued for three days, followed by 40 units of 
long-acting corticotropin on the fourth and sixth days. 
A leukocytosis of 28,000 per cu. mm. (69.5 per cent 
neutrophils) was present on the day prednisone was 
discontinued, a somewhat unexpected finding. Lung 
function tests carried out immediately after the cessa- 
tion of therapy were interesting. The sub-divisions of 
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lung volume were closer to predicted value than on 
either of the previous studies; tests dependent on free 
airflow (maximum breathing capacity and maximal 
midexpiratory flow) [72] were normal although non- 
elastic respiratory resistance was slightly raised. 
Compliance was within normal limits and the arterial 
oxygen saturation fell only 5 per cent on effort. Thus 
all these tests showed improvement. In contrast the 
exercise ventilation was higher than on any previous 
or subsequent occasion. 

The cessation of steroid therapy appeared to have 
no immediate adverse effect. When the patient was 
discharged from the hospital twenty-six days later 
the white cell count was 8,700 per cu. mm.; the 
sedimentation rate, 1 mm./hour (Westergren); the 
serum albumi», 3.6 gm.; and the serum globulin, 
3.1 gm. per 100 cc. The electrocardiogram had im- 
proved (Fig. 1D) and resembled fairly closely that of 
March 19, 1954. During the ensuing seven months the 
patient remained extremely well and was able to live a 
normal life. The electrocardiogram, however, re- 
mained abnormal, showing changes identical with 
those of June, 1956 (Fig. 1D), and slight deterioration 
in serial respiratory function tests was noted. (Tables 1 
and 11.) 

On January 11, 1957, the patient presented herself 
for examination because she had had coryzal symp- 
toms during the previous week and had noticed slight 
breathlessness in the mornings. Physical examination 
revealed profuse crepitations throughout both lungs 
and the electrocardiogram had deteriorated, showing 
now fairly deep T wave inversions in leads 3, AVF and 
V1 to V6. She was readmitted to hospital. The x-ray 
of the chest was found to be unchanged but a leuko- 
cytosis of 14,200 per cu. mm. was present. Respiratory 
function tests showed no significant change since 
the previous studies (December, 1956) except that the 
oxygen saturation fell 19 per cent on effort. Prednisone 
was recommended in the dose of 30 mg. daily and the 
patient quickly improved. She was discharged ten 
days later at which time the fall of oxygen saturation 
on effort was 8 per cent. At present (April, 1957) she 
is maintained free of symptoms on 15 mg. of prednis- 
one daily and physical examination is within normal 
limits except for clubbing of the fingers. The cardio- 
gram has, however, not improved although the blood 
count has again returned to normal. 


COMMENTS 


The use of adrenal steroids and corticotropin 
has been previously reported in eleven cases of 
diffuse interstitial fibrosis of the lungs. Since 
treatment has been successful in only one other 
recorded instance [3], the manner in which it was 
applied is analysed in Appendix n. It is apparent 
that a brisk response was obtained in those pa- 
tients who had a relatively short history of the 
disease and in whom there was evidence that the 
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disease process was in the acute phase, wz. the 
first case of Peabody et al. [4], the first case of 
Schechter [6], that of Pinney and Harris [3] and 
our own. Previous writers [3,4,7] have also drawn 
attention to this, and have rightly stated that 
therapy, if it is to be effective, must be aggres- 
sively applied at an early stage of the disease. 
This is in keeping with the fact that steroids tend 
to inhibit the formation of inflammatory exudate 
and granulation tissue, but have little effect on 
mature scar tissue [77]. The case reported by 
Callahan et al. [70] was a striking and unex- 
plained exception to this rule; unfortunately, 
details of cortisone therapy are not men- 
tioned and it is possible that the dose used was 
inadequate. 

In two cases [4,6] deterioration and death 
followed reduction in dosage or withdrawal of 
cortisone or corticotropin, despite reinstitution 
of treatment in large dosage. In our experience 
this ‘‘escape phenomenon”’ is not confined to 
diffuse interstitial fibrosis of the lungs. We have 
seen a case of acute silicosis, proved by lung 
biopsy, relatively well controlled on steroid 
therapy for fourteen months, in which a similar 
acute and fatal exacerbation followed with- 
drawal of treatment. It can be tentatively con- 
cluded, therefore, that the dose of steroid in the 
treatment of diffuse interstitial fibrosis of the 
lungs should be large and prolonged for many 
months. Furthermore, the relapse after a remis- 
sion lasting seven months in our case demon- 
strates that attempts at withdrawal should be 
gradual, and that even when apparently 
successful, the patient should be carefully fol- 
lowed up for a long period. It has been sug- 
gested by Peabody [4] that steroids might lend 
momentum to an already downhill course. 
However, the experience in our case, with its 
repeated responses to therapy and relapses on 
withdrawal, indicates rather that it is inadequate 
dosage, or untimely withdrawal of the drug, 
which has been the cause of the reported fatali- 
ties. Evidently the response of chronic cases is 
much less satisfactory. Nevertheless, it does not 
seem justified to withhold treatment as long as 
there is some chance of halting progression of 
the fibrosis. An analogy can be drawn with 
chronic beryllium poisoning, with its similar 
histological appearance, in which hormone 
therapy is always beneficial no matter how 
advanced the disease [73]. 

The neutrophil leukocytosis which was present 
in this case is a feature which has been previously 
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described [2,4,7,9]; in one instance [74] it was 
extremely high, 82,000 per cu. mm. The fluctua- 
tions which we observed appear to have paral- 
leled the clinical course of the disease very closely 
indeed. In retrospect, it seems that the high 
figure of 28,000 per cu. mm. which was present 
when the prednisone was withdrawn probably 
indicated activity of the disease process, despite 
the fact that it was not in keeping with the clini- 
cal picture. It is suggested that, when present, 
the leukocytosis should prove a valuable guide to 
the dose of steroid required. 

Throughout the course of the illness the 
electrocardiogram showed variations which 
correlated well both with the clinical condition 
and with the state of respiratory function. It is 
noteworthy however that with each relapse 
there was not only evidence of increased right 
ventricular strain, but also of rather widespread 
ST‘and T wave inversions of leads on the left 
side of the chest. Review of the literature shows 
that although the typical pattern of right ventric- 
ular hypertrophy is the rule in diffuse interstitial 
fibrosis of the lungs, T wave inversions of the 
left ventricular surface leads similar to those seen 
in our case have been described [2,4-7]. These 
latter changes have led to the additional diag- 
nosis of myocardial ischaemia, and this has 
proved correct pathologically in three elderly 
female patients [4,5]. In other cases such left 
ventricular T wave changes have been found at 
autopsy to be associated either with pericarditis 
[2] or with unexplained left ventricular hyper- 
trophy [4,6,7]. It is probable that the electro- 
cardiograms in our case represent hypertrophy 
of both right and left ventricles. 

The main abnormality of respiratory function 
in diffuse interstitial fibrosis of the lungs is 
thought to be disturbance of diffusion [75]. 
Although accurate estimations of pulmonary 
diffusing capacity could not be performed in this 
laboratory, observations of the fall of arterial 
oxygen saturation during standard effort were 
considered to reflect this disturbance fairly 
closely, provided that defects of distribution, 
arteriovenous shunts and pulmonary oedema 
could be excluded, as they were in this instance. 
From Table 1 it will be seen that the most strik- 
ing arterial anoxia on effort was recorded at the 
times of clinical relapse. Since this was the only 
lung function test performed which paralleled 
the clinical condition, we believe that it (and 
probably direct measurement of diffusing capac- 
ity) is the one most likely to prove of value in the 


assessment of therapy in this disease. Studies 
before and after the administration of cortisone 
by Cournand [75] in a case of sarcoidosis demon- 
strating the syndrome of alveolocapillary block 
showed similar improvement both in diffusing 
capacity and in the level of arterial anoxia 
on effort. Thus our observations are in keeping 
with his findings. The surprising normality of 
test results when the prednisone was discon- 
tinued in June, 1956, suggested that the condi- 
tion had up to that time given rise to little 
deposition of collagen in the alveolar walls. 
Subsequent estimations of arterial saturation 
after effort showed only slight deterioration, and 
they were interpreted as indicating some re- 
placement of reticulin by collagen and not a 
reactivation of the disease process which indeed 
we do not believe occurred until January 1957. 


SUMMARY 


A case of diffuse interstitial fibrosis of the 
lungs (Hamman-Rich syndrome) in a twenty- 
four year old woman is described. 

She has been maintained in a satisfactory state 
of health for three years and four months so far, 
by the use of steroid therapy. 

Respiratory function studies were performed 
throughout the course of the illness. 
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APPENDIX I 


Methods Used in Lung Function Studies. Vital 
capacity, expiratory reserve volume and maxi- 
mum breathing capacity were measured on a 
light weight spirometer. Functional residual 
Capacity was measured by the closed circuit, 
constant volume method of McMichael [76] with 
certain adaptations [77], and from the rate at 
which the lungs equilibrated with this circuit, a 
mixing index was calculated [78,79]. 

An exercise test of the type developed by 
Hugh-Jones [20] was made and the arterial satu- 
ration at rest, during this exercise, and after 
breathing pure oxygen, was recorded by ox- 
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imetry (Waters Conley Absolute Reading 
Oximeter). 

The mechanics of breathing were studied by 
comparing the intraoesophageal pressure with 
rate of airflow in and out of the lungs. Intra- 
oesophageal pressure was measured using a tube 
of the type described by Mead and Whitten- 
berger [27] and a straingauge manometer 
(Statham P5 TC + .7D-350) airflow using a 
Lilly Pneumotachygraph screen. Compliance 
(expressed as L./cm. H2O pressure) was esti- 
mated by relating tidal volume to the intra- 
thoracic pressure difference at end-inspiration 
and end-expiration, and resistance (expressed 
as cm./L./second) was calculated at the points 
during inspiration and expiration at which the 
pressure required to overcome non-elastic 
resistance was maximum [27]. 

Certain results were compared with the pre- 
dicted normal value for the patient, namely vital 
capacity, residual volume and maximum breath- 
ing capacity [22]. The prediction formulas used 
were based on a study of ninety-four normal 
subjects of varying ages, resident at this altitude 
(5,670 feet above sea level) in which test results 
were correlated with four body characteristics 
(namely age, height, weight and surface area) 
and formulas for prediction were based on one or 
more of these variables, by standard statistical 
technic of partial correlation. 


APPENDIX II 


Analysis of Steroid Therapy in Previously Reported 
Cases of Diffuse Interstitial Fibrosis of the Lungs. 
1. Cox and Kohl [8] report the use of “‘small 
doses of ACTH” in a fifty-nine year old woman 
who had had symptoms for three years. There 
was no response to therapy and the patient died 
five weeks after admission. 

2. Silverman and Talbot [9] used 200 to 250 
mg. of cortisone daily for three weeks in a man of 
thirty-six whose symptoms had been present for 
sixteen months. The dose was gradually reduced 
to 75 mg. at the end of two months. There was 
moderate improvement at first but deterioration 
and death followed six weeks after cessation of 
therapy. 

3. Callahan et al. [70] observed no noticeable 
effect from therapy in a fifty-five year old man ill 
for two months. The patient died twenty-seven 
days after admission. Treatment consisted of 
25 units of ACTH daily, increasing later to 75 
units every six hours, together with an unstated 
dose of cortisone. 
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4. The first case of Peabody et al. [4], a 
thirty-one year old man whose symptoms had 
been present for three months, responded rapidly 
to 25 units of ACTH daily. The dose was reduced 
to 10 units, and after a brief course of ACTH-gel 
cortisone, was used in the dose of 100 mg. daily 
with gradual reduction over one month, with 
further ACTH in small dosage at the end of 
therapy. Sudden death occurred five days after 
treatment was stopped despite reinstitution of 
ACTH and cortisone in massive dosage. 

5. The second case of Peabody et al. [4], a 
woman of seventy-two years, ill for two years, 
responded slightly to 75 mg. of cortisone daily, 
but sudden death occurred two weeks after 
treatment was discontinued. 

6. The third case of Peabody et al. [4] a 
thirty-eight year old man ill for eight years 
received varying doses of ACTH for thirty-two 
days with subjective improvement initially. 
Death occurred eleven days after reduction of 
dosage despite administration of 50 units of 
ACTH and 300 mg. of cortisone daily. 

7. Schechter’s first case [6], a thirty-one year 
old man ill for three months, showed marked 
clinical and radiological improvement on 25 
units of ACTH daily for three weeks followed 
by 200 mg. of cortisone daily for two months, 
the cortisone being gradually reduced over one 
and one-half weeks. However, deterioration and 
death followed four days after the cortisone was 
discontinued despite the administration of 30 
units of ACTH and 800 mg. of cortisone. 

8. Schechter’s second case [6], a thirty-eight 
year old man ill for five years, failed to respond 
to an unstated dose of ACTH for thirty days, 
and death occurred while he was still receiving 
treatment. 

9. A fifty-two year old man, ill for five years, 
was treated with 60 units of ACTH daily for 
five weeks by Wildberger and Barclay [7]. 
Although he was symptomatically better at first 
he died while still being treated. 

10. Wildberger and Barclay’s second case, a 
thirty-eight year old man ill for eight years, had 
an exacerbation of symptoms four months prior 
to admission. He improved on an unstated 
dose of ACTH for four weeks but death occurred 
when the drug was gradually withdrawn, de- 
spite the administration of high doses of ACTH 
and cortisone. 

11. A twenty-seven year old woman, ill for 
six months, was treated with cortisone by Pinney 
and Harris [3]. She showed marked improve- 
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ment in forty-eight hours and remains well at 
the end of seventeen months. The dose was as 
follows: 200 mg. of cortisone for twenty-three 
days; 150 mg. for one day; 100 mg. for forty-one 
days; 75 mg. for three months; 50 mg. for eight 
months; and 40 mg. daily till the present. 
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In constipation, Metamucil produces SOFT, easy stools and activates gen- 
tle peristalsis. By adsorbing and retaining water within the stool Metamucil 
prevents hard feces from forming. And it adds to intestinal residue a soft, 
plastic bulk which ACTIVATES the normal reflex activity of peristalsis. 


Metamucil is a brand of psyllium hydrophilic mucilloid with dextrose. 
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“Since we put him on NEOHYDRIN he’s been 
able to stay on the job without interruption?’ 


oral 


N E Y D R I N 


BRAND OF CHLORMERODRIN 


LAKESIDE 24657 
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debilitated 


elderly 


* diabetics 


* infants, especially prematures 


* those on corticoids 


* those who developed moniliasis on previous 
broad-spectrum therapy 


* those on prolonged and/or 
high antibiotic dosage 


* women—especially if pregnant or diabetic 


the best broad-spectrum antibiotic to use is 


TECLIN-V 


Squibb Tetracycline Phosphate Complex (Sumycin) and Nystatin (Mycostatin) Sumycin plus Mycostatin 
for practical purposes, Mysteclin-V is sodium-free 


for “built-in” safety, Mysteclin-V combines: 


1 Tetracycline phosphate complex (Sumycin) for superior 
initial tetracycline blood levels, assuring fast transport of 
adequate tetracycline to the infection site. 


2 Mycostatin—the first safe antifungal antibiotic—for its 
specific antimonilial activity. Mycostatin protects 

many patients (see above) who are particularly prone to monilial 
complications when on broad-spectrum therapy. 


MYSTECLIN-V PREVENTS MONILIAL OVERGROWTH 


Capsules (250 mg./250,000 u.), bottles 
of 16 and 100. Half-Strength Capeules 
(1256 mg./125,000 u.), bottles of 16 
and 100, Suspension (125 mg./1256,000 
u.), 2 oz. bottles. Pediatric Drops (100 
mg./100,000 u.), 10 cc. dropper bottles. 


@ Squibb Quality— 
the Priceless Ingredient 


SQUIBE 


“MYSTECLIN, "@ “MYOCOSTATIN',© AND ‘SUMYCIN’ ARE SQUIBB TRADEMARKS 
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increases peripheral 
circulation and 
reduces vasospasm by 
(1) adrenergic blockade, 
and (2) direct vasodilation. 
Provides relief 
from aching, numbness, 
tingling, and blanching 
of the extremities. 
Exceptionally 
well tolerated. 


TLIDAR® BRAND OF AZAPETING 


HOFFMANN-LA ROCHE INC + NUTLEY NL J. 


for 
prolonged 
vasodilation 
in chronic 
circulatory 
disorders 


BRAND OF 
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“Premarin’’ with Meprobamate 


Each tablet contains 0.4 mg. “Premarin,” 200 mg. meprobamate. 


PMB (‘‘Premarin” with Meprobamate) is an ideal 


preparation for the control of the menopausal syn- 


drome when undue emotional stress is a complication. 
When these symptoms are relieved, therapy is resumed 


with “Premarin” alone. 


Simple to prescribe as merely PMB 


Supply: No. 880, PMB-200, | 
bottles of 60 and 500. i 
Also available 
No. 881, PMB -400 (“‘Premarin” 0.4 mg. with 
meprobamate 400 mg.), bottles of 60 and 500, 


AYERST LABORATORIES . NEW YORK 16, N. Y. « MONTREAL, CANADA 


5822 


“Premarin” ® conjugated estrogens (equine) Meprobamate, licensed under U.S. Pat. No. 2,724,720 
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The NEW potency 


of “Premarin” with Meprobamate 


2 physicians requested 

o The combination of 0.4 mg. “Premarin” and 200 mg. 

7 meprobamate —a new potency — may be prescribed 

simply as PMB-200. 

The new potency, PMB-200, enables you to attune therapy 
4 to the needs of your patients in the menopause 

a who require extra relief from anxiety and tension, in addition 
7 to estrogen therapy. PMB-400 (0.4 mg. “Premarin” 

“ and 400 mg. meprobamate) continues to be available. 

x When emotional lability has been stabilized, and stress 

s symptoms controlled, therapy may be continued 

with “Premarin” alone. 

Write simply... 

PMB-200 


Ayerst Laboratories + New York 16,N.Y. «+ Montreal, Canada 


**Premarin®'’ conjugated estrogens (equine) Meprobamate licensed under U.S. Pat. No. 2,724,720 
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asthma symptoms 


... thanks to Tedral prescribed by her physician. 
No single drug can equal Tedral to protect 


the asthmatic patient against symptoms ’round the clock. 


Dosage: 1 or 2 tablets q.i.d. Available: boxes of 24, 120 and 1,000. 


Tedral 


a product of Warner-Chilcott 
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“2 ‘Rheumatoid arthritis is a constitutional disease with symptoms affecting chiefly joints and muscles.’"! ‘Pain 
in the affected joint is accompanied by splinting of the adiacent muscles, with resultant ‘muscle spasm.’ '” 


3 j 


MEPROLONE is the only anti- 
rheumatic-antiarthritic designed to : 
relieve simultaneously (a) muscle 
rth tI spasm (b) joint-muscle inflammation ie 
heumatoid di i S (c) physical distress . . . and may 
thereby help prevent deformity and aN 

disability in more arthritic patients 
involve S both to a greater degree than ever before. es 
SUPPLIED: Multiple Compressed Ee 


Tablets in bottles of 100, in three 


formulas: 
oints all MEPROLONE-5—5.0 mg. prednisolone, Ne 
400 mg. meprobamate and 200 mg. =e 


dried aluminum hydroxide gel. 


MEPROLONE-2—2.0 mg. prednisolone, ee 
muscles 200 mg. meprobamate and 200 mg. ae 
dried aluminum hydroxide gel. ae: 
MEPROLONE-1—supplies 1.0 mg, ae 
prednisolone in the same formula as ee 
MEPROLONE-2. 
1. Comroe’s Arthritis: Hollander, J. L., p. 149 (Fifth Re ne 


Edition, Lea & Febiger, Philadelphia, Pa. 1953). 
2. Merck Manual: Lyght, C. E., p. 1102 (Ninth 
Edition, Merck & Co., Inc., Rahway, N. J. 1956). 
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THE FIRST MEPROBAMATE PREDNISOLONE THERAPY 


meprobamate to relieve muscle spasm 
prednisolone to suppress inflammation 


relieves both 
muscle spasm 
and joint inflammation 


MERCK SHARP & DOHME Philadelphia 1, Pa. i 
Division of MERCK & CO., INC. ~ 
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Doctor y do you feel that your colleagues are miss- 


ing important new medical findings by not 


reading The American Journal of Medicine? 


Let us send them a complimentary copy—of 
course there is no obligation to you or your 


colleagues. Just fill out the coupon and mail 


it to us. 
Dr. Dr. > 
Address Address 
Dr Your Name 
Address Address 
The American Journal of Medicine 
11 East 36th Street, New York 16, New York 
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Menicat yournats are the first working tool of 

the researcher and trail-blazer in effecting new 
technics and therapy. The accomplishments of 
the earlier workers are perpetuated in the 
printed records of the past and present and 
serve as a basis for future developments. 


YORKE PUBLICATIONS by its planned seminars and 
symposia enrich the knowledge and enlarge the 
field of effectiveness of the American physician 
in guarding the health of our country’s popula- 
tion. Exhaustive studies on vital and pertinent 
subjects are prepared by eminent leaders and 


are recorded as soon as possible in the pages of 
the respective YORKE JOURNALS, 


Recognizing the prestige and loyal readership 
enjoyed by the YorkKE PUBLICATIONS, leaders in 
the pharmaceutical industry use these journa!s 
for carrying their advertising messages to the 
moulders of opinion and action. 


YORKE PUBLISHING CO. 
NEW YORK, N.Y. 


THE AMERICAN JOURNAL OF SURGERY 
THE AMERICAN JOURNAL OF MEDICINE 
THE AMERICAN JOURNAL OF CLINICAL NUTRITION 
THE AMERICAN JOURNAL OF CARDIOLOGY 
MODERN DRUGS 
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Regulation 
Desirable 


Frequently, diabetes mellitus is associ- 
ated with excessive coronary athero- 
sclerosis and heart disease. It is also 
well recognized that vascular disease 
manifests itself at an earlier age and 
progresses more rapidly in the diabetic 
... especially the diabetic female. The 
early onset and severe degree of athero- 
sclerosis may be due to faulty lipid me- 
tabolism, with a concomitant elevation 
in blood cholesterol levels. Kinsell! re- 
ports that even in diabetics with exten- 
sive vascular disease it is possible to 
produce normal cholesterol levels with 
an essential fatty acid emulsion. 


The consensus of opinion today is 
that elevated cholesterol levels should 
be reduced or prevented. This can be 
done very well by the addition of ade- 
quate amounts of linoleic acid and vita- 
min B, to the diet. In scores of dia- 
betic patients, with extensive vascular 
disease, diets high in linoleic acid re- 
sulted in improvement.’ Vitamin B, 
apparently is necessary to convert lino- 
leic acid into the primary essential fatty 
acid, arachidonic acid. Thus the body 
is dependent on an intake of both lino- 
leic acid and vitamin B, for normal 
cholesterol levels.‘ 


Blood Cholesterol 


This is why ARCOFAC (Armour 
Cholesterol Lowering Factor) provides 
both linoleic acid and vitamin B, in ade- 
quate amounts, thus allowing the pa- 
tient to eat a balanced, nutritious and 
palatable diet. Prophylactic dosage is 
1-2 tablespoonfuls daily; therapeutic— 
2-8 tablespoonfuls daily. 


Each tablespoonful (15 ml.) of Arcofac 
emulsion contains: 
Essential fatty acidst.........6.8 Gm. 
(measured as linoleic) with 2.5 I.U. 
of Vitamin E* 
Pyridoxine hydrochloride 
1.0 mg. 
t Supplied by safflower oil which contains 
the highest concentration of polyunsat- 
urated fatty acids of any commercially 
available vegetable oil. 
* Added as Mixed Tocopherols Concentrate, N.F. 
References 1-5 supplied on request. 


Armour Cholesterol Lowering Factor 


THE ARMOUR LABORATORIES 


A DIVISION OF ARMOUR AND COMPANY © KANKAKEE, ILLINOIS 
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STOP 
SPASM 
PAIN 
DEPRESSION 


in 
LOW- 
BACK 


ACHE 


In muscle spasm due to sprains, strains, herniated oe 
intervertebral disc, fibrositis, noninflammatory ar- a 
In Parkinsonism thritic states and many other musculoskeletal dis- : 
orders, the first demand is for relief. Disipal fills this 
adynamia and akinesia...potent need. It is quickly effective in skeletal muscle spasm 
aginst diphoress, glmost regardless of origin. Its _mood-elleviating 
lessens rigidity and tremor... effect braces the patient against the depression so 
alleviates depression...safe often accompanying severe pain of any type. 
in glaucoma. 
ee R; her Dosage: 1 tablet (50 mg.) t.i.d. 
LOS ANGELES 


: 
° 
> 
a4 
~ 
3 
+ ¥ 
Me AU 
& 


BRING HIM BACK FROM OUTER SPACE 


to feed the inner man 


lad, With REDISOL (vitamin B,.)—new zest for meals. 
~~ ww Soluble REDISOL tablets (25, 50, 100, 250 meg.) 
and cherry-flavored REDISOL Elixir (5 meg. per 
RFD IS 5 ec.) mix readily with liquids. 
® 


CYANOCOBALAMIN (CRYSTALLINE VITAMIN 8,5) 


REDISOL is a trade-mark of Merck & Co., Inc. 


MERCK SHARP & DOHME 


DIVISION OF MERCK & CO., Inc., PHILADELPHIA 1, PA. 


Originated by Neisler Research 
Truly therapeutic and prolonged theophylline blood 


levels produced orally without gastric irritation 


Cardalin utilizes two protective fac- 
tors* to permit administration of high 
oral doses of aminophylline without NY 
the usual side effects of nausea, ‘= ot 
gastric irritation and vomiting. 7 
: —+ 7'1 GR. AMINOPHTLLINE ——> 
CARDALIN : 


... proven effective clinically when- 
ever high blood concentrations of 
aminophylline are desired ... as in 
congestive heart failure, cardiac 
edema, paroxysmal dyspnea, an- 
gina pectoris, myocardial infarc- 
tion, heart block and bronchial 


asthma. *PATENT No. 2,667,439 


* 
Irwin, 


AFTER ADMINISTRATION 


(Adapted from Bickerman, H. A., ef al.: Ann. Allergy 
11:301, 1953, and Truitt, E. B., Jr., ef al.: J. Pharma- 
col. & Exper. Therap. 100:309, 1950.) 


Each Cardalin tablet supplies: Amino- 
phylline, 5.0 gr.; Aluminum hydroxide, 
2.5 gr.; Ethyl aminobenzoate, 0.5 gr. 


Also available, Cardalin-Phen. 


To serve your patients today—call your 
pharmacist for any additional information you 
may need to prescribe Cardalin. For prescrip- 
tion economy, prescribe in 50's. 
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OBESITY 


means help 


@ For those who eat too much 


For those who are depressed 


‘Methedrine’ dispels abnormal craving 
for food, subtly elevates the mood. 


‘Methedrine”® brand Methamphetamine 
Hydrochloride Tablets 5 mg., scored 


BURROUGHS WELLCOME & CO. (U.S. A.) INC., Tuckahoe, New York 
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Clinically tested in over 4,500 cases.° 


Announcing a new 


anorexigenic specific 
not CNS stimulant 


tumes safer (LD/50) than d-amphetamine” 


(brand of 1-phenyl-2-aminopropane alginate,t Nordmark) 


LEVONOR (1-phenyl, 2-aminopropane alginate, 
Nordmark) is a new anti-hunger compound that offers a 
sounder, more effective and more comfortable approach 
to weight reduction. It has proved remarkably successful 
in securing cooperation of patients on restricted diets. 
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LEVONOR...the appetite suppressant 
that can be given as late as 8 p.m. 


does not interfere 
with sleep 


In a study! of its effects on 173 over- 
weight patients, “none of the patients 
complained of loss of sleep. In fact 
when 5 mg. of LEVONOR was given at 
8 p.m. no interference with sleep was 
noted; night hunger was markedly 
diminished.” This is a unique advan- 
tage since it is in the evening when 
most obese patients are tempted to 
break their diet. 


no CNS overstimulation 


LEVONOR has no effect on the mood of 
the patient. It does not overstimulate 
the cerebral cortex, thus avoiding jit- 
teriness, tenseness, nervousness and 
disturbance of sleep. 


depression of appetite 
is its primary effect 


Unlike d-amphetamine, LEVONOR is not 
a central nervous system stimulant— 
its primary effect is to depress the ap- 
petite. Impressive results, even with 
late evening doses, are obtained with- 
out the addition of sedatives.'* 


five times safer than 
dextro-amphetamine 


LEVONOR’s much greater safety 
(LD/50) and, concomitantly, its far 
greater freedom from side effects have 
been striking findings in extensive tox- 
icity studies." 


here are typical clinical 


results with LEVONOR: 
STUDY NO. 1' 
Number of patients. .... 173 
Average daily dose . . 2-3 tablets 
(5 mg. each) 
Average duration of 
treatment ..... . 6 weeks 
Average weekly weight 
9* 
*Minimized by dosage adjustment 
STUDY NO. IP 
Number of patients. .... 52 
Average daily dose . . 2-3 tablets 
(5 mg. each) 
Average duration of 
Average weekly weight 
1° 


*Adjusted with dosage 


economy and low dosage of 
LEVONOR make it possible to 
administer this drug long enough 
to favorably alter the patient’s 
eating habits. 


Administration and Dosage: 


Average dose: 5 to 10 mg. twice 
daily. 


Bibliography 
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*Patent Pending *°*Trademark 


One 


| NORDM ARK Pharmaceutical Laboratories, Inc., Irvington, N. J. 
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Azo Gantrisin combines potent bacteriostasis with anal- 
gesia for better management of urinary tract infections. 
Gantrisin provides therapeutically effective lymph and 
urine levels, as well as adequate biood levels, for control 
of infection at its source. The Azo component adds 
equally swift control of urinary tract pain and discomfort. 


Azo Gantrisin 


Roche Laboratories 
Division of Hoffmann-La Roche Inc * Nutley 10, N. J. 
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HESE Visette owners are 
increasingly making the 
*cardiogram a part of many 
examinations in patients’ homes, 
at hospitals, plant clinics — 
wherever the need is indicated. 
Its 18 pound weight and “‘brief- 
case’’ size allow the Visette to 
go along on these calls as readily 
as an instrument bag. Tests are 
made quickly and easily because 
of such typical Visette features 
as all accessories right at hand 
in the cover compartments. . . 
automatic grounding by push- 
button control . . . lead selection 
by simply turning a knob, with 
automatic stylus stabilization 
between leads . . . “‘double- 
check”’ standardization signals 
instantly visible, inkless 
record made by a heated stylus 
. convenient “‘writing table” 
surface for making test notations 
on the record. And Visette per- 
formance stays accurate and 
reliable, as a result of rugged 
mechanical construction . . . the 
use of modern electronic compo- 
nents including transistors and 
aircraft type ruggedized tubes 
. . and a smaller, more durable 
recording assembly. 

If, like this growing number 
of your colleagues, you feel your 
practice would benefit by such 
convenient ‘cardiography, ask 
your local Sanborn Representa- 
tive for complete information 
and a Visette demonstration. Or 
for descriptive literature, write 
Sanborn Company, attention 
Inquiry Director. 


Sanborn Model 300 Visette electro- 
cardiograph $625 delivered, con- 
tinental U.S.A. 


SANBORN 
COMPANY 


MEDICAL DIVISION 
175 WYMAN STREET 
WALTHAM 54, MASS 


7 


fest one year afler tnhoduction... 


more than 2000 doctors already know 


the convenience and value of ‘VISETTE” ‘cardiography 


Model 51 Viso-Cardieite, ‘‘office standard” in thousands of 
practices, remains available at $785 delivered, continental U.S.A. 
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NEW 

RESEARCH ON 
ERYTHROPOIETIN 
EXPLAINS 
CLINICAL 
SUPERIORITY OF 


and iron utilization 


enhances formation 
of erythropoietin 


necessary for 
hemoglobin 
synthesis 


Elucidation of the action of erythropoietin—the 
erythropoietic hormone—provides a clear ex- 
planation for the observations of Holly,! Ausman,? 
Tevetoglu*® and many others who have reported 
that in the common anemias cobalt-iron therapy 
results in a clinical response superior to that pro- 
duced by iron alone. 


Increased Iron Absorption and Utilization—Re- 
cent investigations show that cobalt enhances the 
formation of erythropoietin.*.° This hormone in- 
creases the rate of production of new red cells 
which, in turn, increases the rate of both iron 
utilization by the marrow and iron absorption 
from the intestine.® 


Clinical Application—In simple iron deficiency 
anemia, 89% of patients treated with Roncovite 
exceeded 12 Gm. of hemoglobin per 100 cc., while 
only 33% of the same patients treated with iron 
alone for a comparable period reached this level.” 
In anemia of pregnancy, 98.2% of Roncovite- 


(MODIFIED FORMULA) 
IN THE COMMON ANEMIAS 


treated patients maintained their hematologic 
status; 63.8% delivered with a hemoglobin of 13 
Gm. per 100 cc. or more.! In anemia of infancy and 
childhood an average hemoglobin level of only 8.7 
Gm. per 100 cc. was attained with iron alone 
while the same patients subsequently reached an 
average hemoglobin level of 11.6 Gm. per 100 cc. 
with Roncovite.* 


Roncovite-MF is the new therapeutic agent based 
on erythropoietin formation which translates this 
new research into the practical utility of full iron 
effectiveness with greatly decreased, better toler- 
ated iron dosage. 


Each enteric-coated, green tablet contains: 


Cobalt chloride, 15 mg. 
Ferrous sulfate exsiccated, 100 mg. 


Maximum adult dosage: 
one tablet after each meal and at bedtime, 
Supplied: Bottles of 100 tablets. 


Bibliography available on request. 


LLOYD BROTHERS. INC. 
CINCINNATI 3, OHIO 
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Documentary Case History... 


Hypertension controlled 


for four years with 


(reserpine CIBA) 


K. C., a 67-year-old retired shirt manufacturer, had 
a 16-year history of hypertension, was troubled by 
recurrent dizzy spells and headaches. “I’d get sev- 
eral attacks a day. .. . Usually I'd go into the bed- 
room and lie down.” Serpasil therapy was started 
four years ago, effecting a gradual reduction of the 
patient’s initial blood pressure of 220/120 mm. to 
the present 140/80. Now well and asymptomatic, 
“. . . I’m able to go to matinees and see some of 
the TV shows.” 


SUPPLIED: TasLets, 4 mg. (scored) , 2 mg. (scored) , 1 mg. 
(scored) , 0.25 mg. (scored) and 0.1 mg. 


Exixirs, 1 mg. and 0.2 mg. Serpasil per 4-ml. teaspoon. 


PARENTERAL SOLUTION: Ampuls, 2 ml., 2.5 mg. Serpasil per ml. 
Multiple-dose Vials, 10 ml., 2.5 mg. Serpasil per ml. 


Hypertension controlled through 
SYMPATHETIC REGULATION 


Serpasil shields the psychic and somatic 
reaction centers from emotional and 
environmental stress stimuli, thereby 
inhibiting the discharge of vasoconstrictive 
impulses through the sympathetic nerves. 


C I B A Adapted from Moyer, J. H., Dennis, E., and Ford, 
SUMMIT, N.Jd,. 2/2535MK R.: Arch. Int. Med. 96:530 (Oct.) 1955. 
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In ancient times... 


Trephining was performed for the 
relief of certain disorders such as 
epilepsy, insanity and headache. In 
a Neolithic sepulchre at Vendrest 
(France) 7% of the skeletons exhib- 
ited skulls that had been opened 
by trephining. Similar examples of 
skull surgery for the relief of head 
pain have been discovered in other 
ancient ruins. 


Today... 


provides rapid and complete relief of all 
the symptoms of migraine and other vas- 
cular headaches with just two WIGRAINE 
tablets (or one rectal suppository) taken 
at the first sign of an attack. 


ERGOTAMINE TARTRATE L-BELLADONNA ALKA- ACETOPHENETIDIN 


(1.0 mg) AND CAFFEINE (100.0 LOIDS* (0.1 mg) (130.0 mg) 
mg) To relieve vascular head To reduce nausea and _ To alleviate residual 
pain vomiting occipital muscle pain 


Available: Wigraine tablets are supplied in 
boxes of 20 and 100. Wigraine Rectal Supposi- 
tories are supplied in boxes of 12. 


“Representing 87.5% hyoscyamine and 


12.5% atropine as sulfates, ORANG oll N. J. 
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BLOOD FACTORY 


PEPTONIZED IRON 
DEPT. 


VITAMIN Biz 
DEPT. 


VITAMIN 
B COMPLEX 
DEPT. 


INSPECTOR OF 
BLOOD CELLS 


The preferred hematinic with PEPTONIZED tron 


Peptonized iron is virtually predigested. It is 
absorbed as well as ferrous sulfate, and is one- 
tenth as irritating to the gastric mucosa. 
Anemias refractory to other forms of iron will 
often respond promptly to Livitamin therapy. 

The Livitamin formula, containing the B 
complex, provides integrated therapy to cor- 
rect the blood picture, and to improve appetite 
and digestion. 


Each fluidounce contains: 
Iron peptonized ...... 420 mg. 
(Equiv. in elemental iron to 71 mg.) 
Manganese citrate, soluble . 158 mg. 
Thiamine hydrochloride .. 10mg. 


Vitamin By, Activity .. . 20 mcg. 
(derived from Cobalamin conc.) 

Nicotinamide ....... 50 mg. 
Pyridoxine hydrochloride . . 1 mg. 
Pantothenic acid. ..... 5 mg. 
Liver fraction1 ...... 2 Gm. 
Rice branextract ..... 1 Gm. 


The S.E. MASSENGILL Company 


KANSAS CITY e SAN FRANCISCO 


-'- 


: focus on peptonized iron 
& 
? Current studies* show peptonized iron— 
. More rapid response in | 
iron-deficient anemias. 
as Free from tendencies to disturb 
: digestion. (One-tenth as irritating 
3 to the gastric mucosa as 
ferrous sulfate.) 
Non-astringent. 


Absorbed as well as ferrous sulfate. 
One-third as toxic as ferrous sulfate. 


Currently, mailings will be 

‘ *Keith, J.H.: Utilization and Toxicity of Peptonized Iron forwarded only at your request. 

; and Ferrous Sulfate, Am. J. Clin. Nutrition 1:35 (Jan.-Feb., Write for samples and litera- 

x 1957). 

ture. 


The S. E. MASSENGILL Company NEW YORK FRANCISCO 
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In Angina Pectoris 


The Attacks Lessen and 
The Patient Loses His Fear 


Pentoxulon 


LONG-ACTING TABLETS CONTAINING PENTAERYTHRITOL TETRANITRATE ot 10 MG. AND RAUWILOID® (ALSEROXYLON) 0.5 M6. 


FFECTIVE control of angina 
pectoris requires the 
several actions of Pen- 
- toxylon. In addition to sus- 
tained coronary vasodilatation 
Pentoxylon provides relief of 
anxiety, a pleasant tranquilizing, 
fear-lessening effect, and a pulse- 
slowing action, all desirable in 
management of the anginal patient. 


DOSAGE: One to two tablets q.i.d. 
before meals and on retiring. 


e Reduces a of attacks 
e Reduces severity of attacks 


e Reduces or abolishes need for fast-acting 
vasodilating drugs 


e Reduces tachycardia 


e Reduces blood pressure in hypertensives, 
not in normotensives 


e Increases exercise tolerance 

« Produces demonstrable ECG improvement 
e Exceptionally well tolerated 

« Minimal side actions 


LOS ANGELES 


REPRINT ORDER FORM 


THE AMERICAN JOURNAL OF MEDICINE 
11 East 36th Street, New York 16, N. Y. 


Please send me the following Seminars reprinted from THE AMERICAN 


JOURNAL OF MEDICINE: 


GASTROINTESTINAL PHYSIOLOGY $2.00 
BLoop CoAaGuLATION $2.00 
O Anti HypPertTENSIvE Drucs $2.00 
1) Hemotytic ANEMIAS $2.00 
(] CaRBOHYDRATE METABOLISM $2.00 
1) ALLERGY $2.00 
DisEASES OF THE PANCREAS $2.00 
OO Bonz DIsEASES $2.00 


Enclosed is my check 


Name 
Address— 


State 


City: 
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Raudizxin helps 
you relieve 
pressures 
your patients 


Raudixin “lowers 

blood pressure and slows 
the pulse rate much 

more efficiently than the 
barbiturates. .. . It is not 
habit-forming and is 
synergistic with all other 
known kypotensive drugs.”* 


se line or suce 


RAU DIX 


Raudixin helps 
you relieve 
pressures 01 
your patients 


Raudixin “relieves 
anxiety and tension, 
particularly the 
tension headache 

of the mild 
hypertensive patient, 
better than 

any other drug.”’* 
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RAUDIXIN...“is the best symptom r jer." 
7 ate ee The incidence and side effects of these agents are minimized. Diuretics often _ Be 
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BRING HIM BACK FROM OUTER SPACE 


to feed the inner man 


With REDISOL (vitamin B,.)—new zest for meals. 
Soluble REDISOL tablets (25, 50, 100, 250 meg.) 
and cherry-flavored REDISOL Elixir (5 mcg. per 
5 cc.) mix readily with liquids. 


REDISOL is a trade-mark of Merck & Co., Inc. 


MERCK SHARP & DOHME 


DIVISION OF MERCK & CO., Inc., PHILADELPHIA 1, PA. 


PSORIASIS 


7 Proved Clinically Effective Oral Therapy — 
& maintenance regimen may keep patients 

lesion-free. 

e COMPLETE LITERATURE AND REPRINTS 
“s UPON REQUEST. JUST SEND AN Rx BLANK. 


LIPAN Capsules contain: Specially 


LIPAN 


prepared highly activated, desiccated 


- and defatted whole Pancreas: Thiamin © 
‘ HCl, 1.5 mg. Vitamin D, 500 I.U. Sp irt & Co., Inc. 
' Available: Bottles 180’s, 500’s. WATERBURY, CONN. 


OCopyright 1956 Spirt & Co. 
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“T wasn't going to “She said she 
come out today acme couldn't do any 
Grandma hurt her gardening today 


“But then she took nd the pain went “So here lam, _ 

those nice pills away fast ...just there's Gran 

Doctor gave her” like 1, 2, 3” picking a i 
she feels just fine” 


sleep through the 


cod 
ih 


(Salts of Dihydrohydrc TABLETS ironic or bedridden patients = 
TZ: = “demi” strength permits dosage flexibility to meet 
he PERCODAN formula with one-half the amount 
Salts of dihydrohydroxycodeinone and homatropine. 
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SPECIFIC FOR PAINFUL MUSCLE SPASM 


Chlorzoxazonet 


skeletal muscle relaxant 


HIGHLY EFFECTIVE WITH PRACTICAL DOSAGE 


in common traumatic, orthopedic, arthritic and 
rheumatic disorders, including: low back pain 
* Sprains « strains « rheumatoid arthritis + osteoarthri- 
tis spondylitis myalgia + fibrositis cervical root 
syndrome wry neck disc syndrome 


EFFECTIVELY RELIEVES SPASM AND PAIN—In a con- 
trolled, double-blind study, marked improvement 
was reported in all but one of 15 patients treated 
with PARAFLEX.’ Another investigator noted that 
symptoms were at least partially alleviated in all of 
the patients treated.’ 


PRODUCES LONG-LASTING BENEFITS-— Significant 
blood levels following the administration of 
PARAFLEX are maintained for periods of 6 hours or 
more.’ In most patients, the beneficial effects of 
PARAFLEX persisted for approximately six hours.‘ 


CLINICAL RESULTS WITH PARAFLEX 


AVERAGE DOSE-—SIX TABLETS DAILY—WIth 
PARAFLEX, just one or two tablets, three times daily 
is an average effective dose. In experimental studies, 
PARAFLEX was found to be from one and one-half 
to three times as potent as other commonly used 
muscle relaxants. 


IS WELL TOLERATED — Side effects are uncommon 
and seldom severe enough to require discontinua- 
tion of the drug.*® Other clinicians have encountered 
few side effects to date.»**** 


SUPPLIED — Tablets, scored, orange, bottles of 50. 
Each tablet contains 250 mg. of PARAFLEx. 


REFERENCES — (1) Settel, E.: Personal communication. 
(2) Holley, H. L.: Personal communication. (3) Burns, J. J.; 
Trousof, N., and Brodie, B. B.: To be published. (4) Smith, 
R. T.: To be published. (5) Peak, W. P., and Smith, R. T.: 
To be published. (6) Wiesel, L. L.: Personal communication. 
(7) Passarelli, W. W.: Personal communication. 


investigator Di Ag Comment 
sorder patients patients 
treated benefited 
Settel! acute low back pain, acute traumatic 15 14 response excellent 
myofascitis, or osteoarthritis in nine, good in five 
Holley? wry neck, cervical spondylitis, 10 10 improvement, ranging from some — 
and disc syndrome amelioration of symptoms 
to profound relief 
Wieselé advanced osteoarthritis 12 10 less muscle spasm and pain 
Passarelli7 degenerative and 9 9 improvement, with less stiffness 
rheumatoid arthritis and freer motion 
Passarelli? varied arthritic rheumatic, 6 6 less stiffness, less pain 
and traumatic disorders 


*Trade-mark +U.S. Patent Pending 
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Quaker Oats and Mother’s 
Oats, the two brands of oat- 
meal offered by The Quaker 
Oats Company, are identical. 
Both brands are available in 
the Quick (cooks in one minute) 
and the Old-Fashioned 
varieties which are of equal 
nutrient value. 


The Quaker Oats O@mpany 


CHICAGO 


Anorexia upon arising must often be dealt 
with as part of a therapeutic regimen. In addi- 
tion to the well-known syndrome of early preg- 
nancy, several other causes of “‘breakfast ano- 
rexia”’ are recognized. Generally psychological 
in character, they include fear or lack of en- 
thusiasm in facing the day, distaste or intol- 
erance for the fried and fatty foods commonly 
served at breakfast, and habit patterns such 
as late rising with the inevitable morning rush. 
Obese patients who “cannot” eat breakfast 
tend to overeat during the day in order to 
overcome the deficit. 


When “breakfast anorexia” must be over- 
come, physicians find that a dish of steaming 
oatmeal as the main food at breakfast is a great 
help in the solution of this problem. Its inviting 
warmth and delicious taste make the oatmeal 
dish appealing even when appetite is poorest. 
It also provides readily available energy for a 
morning of productive work; it helps to allay 
hunger throughout the morning; it makes a 
notable contribution to the day’s nutritional 
needs; it is low in fat, and is easily digested. 


Oatmeal is richer in protein than all other 
whole-grain breakfast cereals. It ranks among 
the highest in thiamine, and contributes other 
B vitamins as well. It is outstanding for its 
iron content. 


The correction of ‘‘breakfast anorexia” can 
be made easier in many ways by a morning 
dish of oatmeal and milk, so quickly and easily 
prepared, and so gratifying. 
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Contents 


radioiodinated serum albumin 


labelled triolein... 


223 West Erie Street, Chicago 10, Illinois 


of Radioactive Isotopes 


How to establish your radioactive isotope program 
Evaluation of thyroid function using radioiodine 
Studies of kidney function with radioactive diodrast .... 4 


Estimation of cardiac output with radioiodinated 


Evaluation of liver function with radioactive rose bengal i i. 


Blood and plasma volume measurements using 


Measurement of red cell mass with radiochromium i de 
Diagnosis of pernicious anemia with radiocobalt Vitamin Biz . 14 


Fat digestion and absorption with radioiodine 


Scanning body areas for radioisotope concentrations -. . +. + 18 


Published and copyrighted 1958 by Nuclear-Chicago Corporation 


nuclear -chleago 


send for this information on use of radioisotopes 


We will be happy to send you this new 
brochure outlining typical procedures and 
instrumentation required for the most 
important clinical radioisotope studies. Just 
mail the coupon. No obligation, of course. 


nuclear - chicago 


a Tig 


® 253 WEST ERIE STREET * CHICAGO 10, ILLINOIS 


NUCLEAR-CHICAGO CORPORATION 
253 W. Erie St., Chicago 10, Illinois 


Please mail me a copy of “Diagnostic Applications of 
Radioactive Isotopes.” 


(Name) 


(Address) 


(City) (Zone) (State) 
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HELPS 
PALSIED 
PATIENTS 
“LIVE 
AGAIN” 


METHANESULFONATE (BENZTROPINE METHANESULFONATE) 


! rated the best single drug 
; 3 for the palsied patient ' 


COGENTIN is a trade-mark of Merck & Co., Inc, 


* Well tolerated and markedly effective, COGENTIN 
“should be added to the treatment program of every 
patient with paralysis agitans.”’ ? 

* COGENTIN gives symptomatic relief in all 

types of parkinsonism—whether postencephalitic, 
idiopathic, or arteriosclerotic. 


* COGENTIN provides highly selective action such as 
no other current drug affords.” It is often of benefit 
in rigidity, muscle spasm, even in severe tremor.* 
The contracture of parkinsonism is relieved and 
posture is improved.* 

¢ With the help of COGENTIN, therapy with 
tranquilizers can often be continued in patients 

in whom trembling would otherwise force 
reduction or withdrawal. 

As COGENTIN is long-acting, one dose daily may be 
sufficient. 

Supplied: as 2 mg. quarter-scored tablets in bottles 
of 100 and 1000. 


1. M. Clin. North America 38 :485 (March) 1954. 2. J.A.M.A. 162:1031, 
1956. 3. J.A.M.A. 156 :680, 1954. 4. Yale J. Biol. & Med. 28 :308, 1955/56. 


MERCK SHARP & DOHME 
DIVISION OF MERCK & CO., Inc., PHILADELPHIA 1, PA 
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Always in the physician's bag 


... ready for action 


SPARINE should always be on hand for the patient in 
psychic crisis. In the medical emergency, 

it relieves acute apprehension and modifies the 
patient’s response to pain. In overactivity or 
aggressiveness, SPARINE rapidly calms the 

patient and encourages cooperative 

behavior. To simplify the management of 

these difficult patients, always carry SPARINE. 


SPARINE provides prompt control 
by intravenous injection, effective maintenance 
by both the intramuscular and oral 
routes, and is well-tolerated in all three 
methods of administration. SPARINE 
does not cause liver damage, 
parkinsonian-like syndrome; only rarely 
have blood dyscrasias or seizures 

been reported. 


HYDROCHLORIDE 


Promazine Hydrochloride 


INJECTION 
TABLETS 
SYRUP 


EQUANIL® 
Meprobamate 


PHENERGAN® HCI 
Promethazine HCl 


SPARINE HCI 


Promazine HCl 


A Wyeth normotropic drug for ® 
nearly every patient under stress Philadelphia 1, Pa. 


Comprehensive literature supplied on request 


"EE 
i 
LE 
4 AY 
4 
gy, 
Z, 
3 
2 


% 


| 


Vita-Metrazol 


reactivates 


where apathy is the dominating symptom 


Contains Metrazol, Vitamins B,, Bz, B,, niacinamide, panthenol, 
and 15% alcohol in a wine-like flavored elixir. 


Average Dose: 2 teaspoonfuls Vita-Metrazol 3 or 4 times daily. 


Metrazol®, brand of Pentylenetetrazol, E. Bilhuber, Inc. 


KNOLL PHARMACEUTICAL COMPANY 


BRING HIM BACK FROM OUTER SPACE 


to feed the inner man 


REDISOL 


CYANOCOBALAMIN (CRYSTALLINE VITAMIN B, >) 


With REDISOL (vitamin B,,)—new zest for meals. 
Soluble REDISOL tablets (25, 50, 100, 250 meg.) 
and cherry-flavored REDISOL Elixir (5 mcg. per 
5 cc.) mix readily with liquids. 


REDISOL is a trade-mark of Merck & Co., Inc. 


MERCK SHARP & DOHME 
DIVISION OF MERCK & CO., Inc., PHILADELPHIA 1, PA. 
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F anginaphobia: must anger cause angina? 


Fear of anginal attack may cause a patient to simmer in 
repressed hostility — potentially as harmful as blowing off steam. 


Remove the fear factor by lowering the anginal attack rate. Peritrate, a 
a long-acting coronary vasodilator, reduces the frequency and severity 3 
of attacks, lessens nitroglycerin dependence, increases exercise tolerance. Bias 


For the unduly apprehensive patient (especially early in treatment), 
Peritrate with Phenobarbital relieves tension without daytime drowsiness. eee 


Usual dosage: 20 mg. of Peritrate before meals and at bedtime. 
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 fevels rapidly when 
identified! 


TEN YEAR INDEX 
July 1946 through June 1956 


ORDER FORM 


The American Journal of Medicine 


The American Journal of Medicine, Inc. 
11 East 36th Street, New York 16, N. Y. 


Please send me the new Ten Year Index to 
The American Journal of Medicine for 
which I enclose $5.00 U.S.A.—$5.50 Foreign 


(New York City residents, add 3% sales tax) 


This subject and author index provides 
an invaluable aid for quick reference and 
review purposes to the articles and au- 
thors who have appeared in the journal 
during the past ten years. 
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A NEW, CORTICOSTEROID MOLECULE WITH GREATER ANTIALLERGIC, 
ANTIRHEUMATIC AND ANTI-INFLAMMATORY ACTIVITY 


for your patients with 


= BRONCHIAL ASTHMA, ALLERGIC DISORDERS 
= ARTHRITIC DISORDERS = DERMATOSES 


Squibb Triamcinolone 


Initial dosage: 8 to 20 mg. daily. After 2 to 7 days 
gradually reduce to maintenance levels. 

See package insert for specific dosages and precautions. 
1 mg. tablets, bottles of 50 and 500. 

4 mg. tablets, bottles of 30 and 100. 


Squibb Quality—the Priceless Ingredient 


“KENACORT® 18 A SQUIGB TRADEMARK 
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Noludar 


will put your patient 


and will not awaken 
with that knocked out 


Two 200 mg Noludar” Tablets 
(non-barbiturate) are almost 


certain to produce sound, 
restful sleep. One 200 mg 
tablet is frequently adequate. 


ROCHE LABORATORIES 
Division of Hoffmann-La Roche Inc 
Nutley 10, New Jersey 


Noludar®— brand of methyprylon— non-barbiturate 
sedative-hypnotic 
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Symbol of Medicine’s Most Authoritative 


and Distinguished 


EDITOR 


Alexonder B. Gutman, M.D. 


Professor of Medicine 
Columbia University 
College of 

Physicions and Surgeons 


ASSISTANT EDITORS 
Mortimer E. Bader, M.D. 


ond Richard A. Bader, M.D. 


The Mount Sinai Hospital 
ADVISORY BOARD 


David P. Barr, M.D. 


Professor Emeritus of Medicine 
Cornell University 
Medical College 


Arthur L. Bloomfield, M.D. 


Professor Emeritus of Medicine 
School of Medicine 
Stanford University 


A. McGehee Harvey, M.D. 


Professor of Medicine 
Johns Hopkins University 
School of Medicine 


Walter L. Palmer, M.D. 


Professor of Medicine 
University of Chicago 
School of Medicine 


ASSOCIATE EDITORS 


S. Howard Armstrong, Jr., M.D 
Poul B. Beeson, M.D, 

J. Russell Elkinton, M.D. 
Peter H. Forsham, M.D. 
Robert M. Kark, M.D. 
William S. McCann, M.D, 
George R. Meneely, M.D, 
Carl V. Moore, M.D. 

Jack D. Myers, M.D. 
Robert E. Olson, M.D. 
DeWitt Stetten, Jr., M.D. 
John V. Taggart, M.D. 
George W. Thorn, M.D, 


Independent Journal 


Staffed to bring you the latest in medical 


findings, research and evaluation. A practical 
teaching journal on postgraduate medicine. 


Special Subscription Offer 


With your new subscription to THE 
AMERICAN JOURNAL OF MEDICINE you 
will receive a FREE copy of the Seminar on 


Blood Coagulation. 


Your Own Binder for Permanent Filing 


tHe YORKE pusitsHinc company, Inc. 


Also publishers of 
THE AMERICAN JOURNAL OF SURGERY 


THE AMERICAN JOURNAL OF CLINICAL NUTRITION 
THE AMERICAN JOURNAL OF CARDIOLOGY 


Keep your copies of AJM for 
finger-tip reference in this 
handsome green fabric binder 
with lettering in gold. Holds 
six journals per binder. Only 
$2.50 for one; 3 for $7.00, 
USA; add $1.00 for postage 
to Canada, Mexico and else- 
where. Order direct from mfr. 
Jesse Jones Box Corp., Dept. 
YP, P.O. Box 5120, Philadel- 
phia 41, Pa. (Shipments sent 
postpaid in sturdy carton.) 
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SUBSCRIPTION ORDER FORM 


THE AMERICAN JOURNAL OF MEDICINE 
11 East 36th Street, New York 16, N. Y. ae 
Please enter my subscription for one year (12 issues) to THE AMERICAN JOURNAL OF 
MEDICINE. Subscription (one year) USA $12; Canada $13; Foreign $15. seth 
It is understood that | shall receive a free copy of the Seminar on Blood Coagulation. 
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Symptomatic relief of aches 
with upper respiratory tract 


risto YRACUSE, NEW YOR} 


TETRACYCLINE PHOSPHATE COMPLEX WITH PHENYLTOLOXAMINE AND APC 


Each TETREX-APC WITH BRISTAMIN Capsule contains: 


A broad-spectrum antibiotic 


TETREX (tetracycline phosphate complex) 12S MQ. 
{tetracycline HCI activity) 


An established analgesic-antipyretic combination 


A dependable antihistamine 
BRISTAMIN (phenyltoloxamine, Bristol) 20 MQ, 


Dosage: Adults: 2 capsules at onset of symptoms, followed by 2 capsules 3 or 4 
times a day for 3 to 5 days. Children, 6 fo 12 yrs.: One-half adult dése. 


Supplied: Bottles of 24 and 100 capsules. 


Re: 
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4 “,.. Well, I usually prescribe Rorer’s Maalox. It’s an excellent 
antacid, doesn’t constipate and patients like its taste better.” 


MAALox® an efficient antacid suspension of magnesium-aluminum hydroxide gel. 
Suspension: Bottles of 12 fluidounces 
Tablets: 0.4 Gram, Bottles of 100 
Samples on request 
H. Rorer, INc., Philadelphia 44, Pennsylvania 
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A choice diet 

for the patient 
plus Lysine 
equals earlier 
convalescence 


“Shortage of an essential amino acid in the food 
means a shortage of protein in the body.”! Pro- 
tein loss is greatly increased during injury, sur- 
gery, disease or illness—and the deficiency will 
progress steadily unless a proper diet is achieved. 
But appetites seem to lag when they are most 
necessary, because patients are suffering from 
pain, anorexia or poor gastrointestinal function. 
At best they will eat only soft cereal products. 


Many investigators have shown that “lysine de- 
ficiency is the salient lack in the cereal grains.’ 
This deficiency distinguishes the essential amino 
acid pattern of cereal protein from that of high 
quality protein. The biologic value of cereal pro- 
tein can be improved to almost double its tissue 
building value by the addition of adequate quan- 
tities of lysine to the accepted diet. Protein im- 
provement can be most easily accomplished with 
Cerofort Tablets which supply: (1) critically 
essential lysine along with (2) therapeutic lev- 
els of all important vitamins. 


(Critically essential L-lysine with "therapeutic amounts of all important vitamins) 


first with lysine 


The recommended daily dose of 3 Cerofort Tablets — 
one with each meal — supplies: 


L-Lysine Monohydrochloride..................... 790 mg.* 
Vitamin Biz Activity (Cobalamin) ............... 4 mcg. 


*equivalent to 600 mg. L-lysine 
Administration with meals is essential to obtain max- 
imal benefit of lysine fortification of dietary protein. 


Supplied in bottles of 60 tablets. 
Also available Gerofort Elixir 


(L-lysine with therapeutic B vitamins) 

References: 1. Flodin, N. W.: Am. Miller & Processor 81 :30 
(July) 1953. 2. Block, R. J., in Advances in Protein Chem- 
istry, Anson, M. L., and Edsall, J. T., eds., New York, 
Academic Press, Inc., 1945, vol. 2, p. 119. 


WHITE LABORATORIES, Inc. 
Kenilworth, N. J. 
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A new concept in antiby pertensive 

therapy: concomitant use of an 

improved ganglionic blocking agent 

(‘Inversine’) and anew 

antihypertensive agent (‘Diuril’) for 

smoother, simplified management 

of hypertension 


onger Life 
Hypertensives 


In moderate, severe, and malignant hypertension, ganglionic blocking 
‘Inversine’ often makes possible a lessening of cardiovascular-renal damage, 
regression of the basic disease, and prolongation of life. 


“When employed under carefully controlled conditions with adequate 
attention to proper regulation of dosage, mecamylamine [‘Inversine’] may 
be expected to reduce blood pressure effectively and to ameliorate various 
manifestations of hypertensive-cardiovascular disease. These include such 
symptoms as headache, dizziness and vertigo, hypertensive encephalopathy 
and cerebral or subarachnoid hemorrhage, retinopathy, cardiac hyper- 


trophy, and, in some cases, cardiac decompensation.” 
Council on Pharmacy and Chemistry, New and Nonofficial Remedies: 
Mecamylamine Hydrochloride, J.A.M.A. 162: 1469-1471, Dec. 15, 1956. 


Now, concomitant use of a newly discovered antihypertensive agent 
(‘Diuril’) has been found to enhance the hypotensive effect of ‘Inversine’— 
while reducing the required dosage of ‘Inversine’ and often minimizing the 


serious side effects of ganglionic blockade. 
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‘Inversine’ 


MECAMYLAMINE HYDROCHLORIDE 


a greatly improved 
ganglionic blocking agent 


Unlike the other ganglionic blocking agents, ‘Inversine’ 
is not a quaternary ammonium compound. It is a secondary 


amine, and has significant advantages over all other 
ganglionic blocking drugs: 


e of the orally effective blocking agents, only ‘Inversine’ 


is completely and uniformly absorbed 


e it provides predictable, reproducible effects with 


minimal day-to-day fluctuations in blood pressure response 


e ‘Inversine’ is effective in low dosage 


@ permits convenient dosage schedules 


e usefulness not limited by development of tolerance 


e it has a gradual onset of effect, reducing the likelihood of 


sudden drops in blood pressure 


DOSAGE RECOMMENDATIONS 


New Patients 

1. Initiate ‘Diuril’ therapy 

‘Diuril’ is given in a dosage range of from 250 mg. twice a 
day to 500 mg. three times a day, depending on severity of 
the hypertension. 

2. Add ‘Inversine’ as follows: 

(‘Inversine’ is established in the same manner whether used 
with ‘Diuril’ oralone.) Recommended initial dosage is 2.5 mg. 
‘Inversine’ twice a day, preferably after meals. May be in- 
creased by 2.5 mg. at intervals of no less than two days until 
desired response is obtained. In severe or urgent cases, the 
increments may have to be larger or more frequent, with the 
largest dose given preferably at noon or in the evening. 
‘Inversine’ is extremely potent and should always be titrated 
according tothe patient’sorthostatic blood pressure response. 


3. Adjust dosage of ‘Diuril’ for optimal response. 


Patients on ‘Inversine’ and/or 

other ganglionic blocking agents 

1. Initiate ‘Diuril’ therapy 

‘Diuril’ is given in a dosage range of from 250 mg. twice a 
day to 500 mg. three times a day, depending on severity of 
the hypertension. 
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‘Diuril’ 
CHLOROTHIAZIDE 


new and unique 
antiby pertensive agent 


e provides basic therapy to improve and 
simplify the management of hypertension 


e often reduces dosage requirement of 
ganglionic blocking agents and other 
antihypertensive agents below the level 
of serious side effects 


e added to other antihypertensive agents, 
is often effective in controlling blood 
pressure of even highly resistant cases 


e smooths out blood pressure fluctuations 


e effectiveness not diminished by 
development of tolerance 


e well tolerated even at maximum 
therapeutic doses 


2. Adjust dosage of ganglionic blocking agent 
If the patient is established on a ganglionic blocking agent 
(e.g., ‘Inversine’) it should be continued, but the total daily 
dosage should imzmediately be reduced by as much as 25 to 
50 per cent. This will reduce the serious side effects often 
observed with ganglionic blockade. 

If other antibypertensive agents are used, their dosage 
should be adjusted as indicated by patient response. 


3. Determine optimal maintenance dosage 

The patient must be observed frequently and careful 
adjustment of all agents should be made to determine 
optimal maintenance dosage. 


PRECAUTIONS: Side effects of ‘Inversine’ are essentially 
the same as those encountered with other ganglionic block- 
ing agents. At the first sign of constipation, vigorous treat- 
ment must be initiated immediately since paralytic ileus 
may result if constipation is unchecked. Patients should be 
informed how to cope with postural hypotension should 
this occur. ‘Inversine’ is contraindicated in coronary insuf- 
ficiency, organic pyloric stenosis and recent myocardial 
infarction. 


SUPPLIED: ‘Inversine; tablets of 2.5 mg. and 10 mg. Bottles 
of 100. ‘Diuril} tablets of 250 mg. and 500 mg. Bottles of 
100 and 1000. 


Inversine 


MECAMYLAMINE HYDROCHLORIDE 


CHLOROTHIAZIDE 


m@o MERCK SHARP & DOHME, DIVISION OF MERCK & CO., INc., PHILADELPHIA 1, PA. 


INVERSINE and DIURIL are trade-marks of MERCK & CO., Inc. 
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e you getting 


all three? 


Effective management of urinary tract infections 
i calls for satisfactory lymph and urine levels as well 
as adequate blood levels. Gantrisin provides all three 
within two hours of administration. Urinary tract 
infections are rapidly and safely controlled. 


 Gantrisin 


Roche Laboratories 
no Division of Hoffmann-La Roche Inc * Nutley 10, N. J. 


GANTRISIN® = BRAND OP SULFISOXAZOLE 
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Avoids Choudiiness 


Rautensin (the alseroxylon fraction of 
Rauwolfia) offers simple, safe, effective and 
easy-to-manage therapy for the complex 
problem of hypertension. Rautensin produces 
a gradual and sustained dropin blood pressure 
...calms and soothes the anxious patient 
without loss of alertness...slows accelerated 
pulse. Patients on this regimen show marked 
reduction of anxiety with a simultaneous 
increase in intellectual and psychomotor 
efficiency. 


in hypertension therapy 


With the use of the alseroxylon fraction of 
Rauwolfia, side actions ‘*‘...are either 
completely absent or so mild as to be 
inconsequential” and there is “...no danger 
of sudden rebound of the blood pressure.’ 
Furthermore, alseroxylon was found less 
prone to cause mental depression,*and does 
not usually cause drowsiness. Rautensin is 
purified and therefore free of inert dross 
present in the whole root. 


1. Wright, W. T. Jr.; Pokorny, C., and Foster, T. L.: J. Kansas M. Soc, 
57-410, 1956. 

2. Terman, L. A.: Ulinois M.J. 3:67, 1957. 

3. Moyer, J. H.; Dennis, E., and Ford, R.: Arch. Int. Med. 96:530, 1955. 


Rautensin’ 


The purified alkaloid complex of Rauwolfia with total therapeutic activity—minimal side effects. 
Each tablet contains 2 mg. purified Rauwolfia serpentina alkaloids (alseroxylon fraction) 
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SMITH-DORSEY « Lincoln, Nebraska « A Division of The Wander Company 
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in your office: IT’S THIS EASY! 


2. Add 4 drops serum or plasma 
to one PHOSPHATAB tablet 
in special tube. 


2. Crush tablet. 


3. Let stand at room 
temperature 12-30 minutes. 
(time from chart) 


4. Add 1 drop 
of color developer: mix. 


For the First Time: STAT ASSURANCE 
in These Common Diagnostic Problems: 


5. Compare color. 


Uncertain bile duct involvement 
Questionable retained stones in the hile duct 
Obscure neoplasms of liver, bone or pancreas 


Threatened jaundice from tranquilizers 


PHOSPHATABS 


(alkaline) with Teswells 


For rapid economical semi-quantitative alkaline phosphatase levels 
For further information, writet: WARNER-CHILCOTT 


MORRIS PLAINS. N J 
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HEIGHTENE 


arthritis. 
and 
rheumatism 


ATARAXOID actually presents the most potent 
corticoid control, effective in the lowest dosages. 
Antirheumatic action of STERANE® (prednisolone) 
is enhanced by control of tension- and anxiety- 
aggravation of musculoskeletal symptoms with 
ATARAX® (hydroxyzine). As Tillis! reported, 

this frequently “permitted a decrease of 2.5 to 
10 mg. a day in the amount of prednisolone... 
[which] often represented a halving of the 

former requirements...” 


with 


supplied: 

ATARAXOID 5.0— scored green tablets, 5.0 mg. prednisolone 
and 10 mg. hydroxyzine HCl, bottles of 30 and 100. De 
ATARAXOID 2.5 — scored blue tablets, 2.5 mg. prednisolone : 
and 10 mg. hydroxyzine HCl, bottles of 30 and 100. 


ATARAXOID 1.0— scored orchid tablets, 1.0 mg. prednisolone : 
and 10 mg. hydroxyzine HCl, bottles of 100. . 


1, Tillis, H.H.: Am. Pract. & Digest Treat. 8:932, 1957. 


(Pfizer PFIZER LABORATORIES, Brooklyn 6, New York a 
Division, Chas. Pfizer & Co., Inc. 
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BRING HIM BACK FROM OUTER SPACE 


to feed the inner man 


With REDISOL (vitamin B,.)—new zest for meals. 


| ~ xy Soluble REDISOL tablets (25, 50, 100, 250 meg.) 
and cherry-flavored REDISOL Elixir (5 mcg. per 
y/// 5 cc.) mix readily with liquids. ~ 


REDISOL is a trade-mark of Merck & Co., Inc. 


CYANOCOBALAMIN (CRYSTALLINE VITAMIN B, >) 


MERCK SHARP & DOHME 


DIVISION OF MERCK & CO., Inc., PHILADELPHIA 1, PA. 


Back Issues Wanted 


(MUST BE IN GOOD CONDITION) 


THE AMERICAN JOURNAL OF MEDICINE 


will pay $1.00 per copy for 
the following issues: 


January 1948 August 1955 
February 1948 September 1955 
March 1948 October 1955 

November 1948 May 1957 

November 1949 August 1957 
January 1954 September 1957 
May 1955 December 1957 

Send to 


The American Journal of Medicine, Inc. 
11 East 36th Street, New York 16, N. Y. 
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indispensable source for 


Edited by Epwin P. 
JORDAN, M.D., F.A.C.P. 
University of Virginia 
Medical School, Char- 
lottesville, Virginia. 


% INDEXED to save you time. 
Therapeutic, Drug, Manufac- 
turer’s and new Generic Name 
Indices plus self-pronouncing 
drug listings. 


% COMPLETE, authoritative, 
continuing service for 3 years— 
New 7th Edition plus 18 bi- 
monthly MopERN DruGs Sup- 
plements—all for $17.50. 


% ATTRACTIVELY BOUND in 
durable red cover stock. Ap- 
prox. 1500 pages. Size 6” x 


914” x 214". 


More than 70 % of the pre- 
scriptions written today 
call for new drugs intro- 
duced within the past 3 
years. It’s imperative that 
your drug reference be 
complete, dependable, cur- 
rent and up-to-date. Here 
is your authority on PrE- 


DRUG PUBLICATIONS, INC. 


© Remittance Enclosed 


Nome 


new drug descriptions” 


11 East 36th Street, New York 16, New York 


MODERN DRUG 
ENCYCLOPEDIA 


AND THERAPEUTIC INDEX 


with FREE 3-YEAR bi-monthly supplement service, MODERN DRUGS 


SCRIPTION Drucs and the 
new Narcotic CLASSsIFI- 
CATIONS—your up-to-the- 
minute source for latest 
composition or descrip- 
tion, action, use, supply, 
dosage, caution and ad- 
ministration data on more 
than 4,000 drugs. 


“ORDER THIS 3-YEAR SERVICE TODAY------~-- 


(0 Please send me the 7th Edition MODERN DRUG ENCYCLOPEDIA and Therapeutic 
Index, plus bi-monthly MODERN DruGS Supplements for 3 years—all for $17.50* 
(CD Send along Binder for MODERN DruGS Supplements — $3.00 


(CO Bill me later 


Address, 


City 


*$17.50 in U.S.A, Foreign, $21.00 
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NOW... 


FOR ADULTS - 
CHILDREN - INFANTS 


A CONTRAST MEDIUM THAT 
FULFILLS ALL THE 

CRITERIA FOR 

RADIOLOGIC EXAMINATION 
OF THE 
ALIMENTARY CANAL 


se a true solution—permits delineation of gastric and duodenal mucosa, 
and identification of small ulcers 


does not inspissate —risk of residual hard masses eliminated; safe for 
use in the acutely ill and in cases of suspected or known obstruction 


minimal absorption—passes readily along alimentary tract with neg- 
ligible absorption 


virtually nontoxic—safe on accidental, or deliberate, introduction into 
body cavities; may be used in post-anastomosis studies 


miscible with blood—allows detection of bleeding points and visuali- 
zation of bleeding ulcers 


low viscosity—permits demonstration of small fistulous connections, SQuIBB 


including tracheoesophageal fistulae in infants 
New York 22, N.Y. 


cathartic effect—eliminates delay in surgical procedures, or in serial 
or follow-up radiologic studies 


well tolerated—side reactions minimal; contraindicated only in indi- 
viduals with iodine sensitivity 


Squibb Quality — 
may be administered orally, by tube, or by rectum The Priceless Ingredient 


/ Gastrografin, providing 76% sodium and methylglucamine diacetyl- 
aminotriiodobenzoates, is supplied in bottles of 120 cc. (4 fl. oz.). 


*GASTROGRAFIN’ IS A SQUIBB TRADEMARK 
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Index to Advertisers 


Abbott Laboratories. 

Ames Company, Inc. 

The Armour Laboratories . 
Ayerst Laboratories . 

Bristol Laboratories, Inc. 
Burroughs Wellcome & Co., Inc. . 


Ciba Pharmaceutical Products, Inc. 


Crookes-Barnes Laboratories, Inc. . 
Desitin Chemical Company. 

Eaton Laboratories . 

Endo Laboratories 

Geigy Company . 

Hoffmann-La Roche, 

Irwin, Neisler & Co. 

Kinney & Company, Inc. . 

Knoll Pharmaceutical Company 
Lakeside Laboratories, Inc. . 


Lederle Laboratories Division, C Combany 


Eli Lilly and Company . 

Lloyd Brothers, Inc. . 
Maltbie Laboratories Division . 
The S. E. Massengill Company 
McNeil Laboratories, Inc. 
Mead Johnson 

Merck Sharp & 
The Wm. S. Merrell Company 


Nordmark Pharmaceutical Laboratories, 


Nuclear-Chicago Corporation . 
Organon Inc. 
Parke, Davis & 


Pfizer Laboratories, Division of C Pfizer & Co., 


Pitman-Moore Company 
The Quaker Oats Company 
Riker Laboratories Inc. 

A. H. Robins Co., Inc. . 


William H. Rorer, Inc. 
Sanborn Company 
Schering Corporation 
G. D. Searle & Co. . 
Sherman Laboratories 


Smith-Dorsey, a division of The W anion C company . 


Spirt & Co., Inc. 


E. R. Squibb & Sons, Divi ision ‘al 


The Upjohn Company . 
Wallace Laboratories ; 
Warner-Chilcott Laboratories . 
White Laboratories, Inc. 
Winthrop Laboratories . 
Wyeth Laboratories . 
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Diabetes 

— diet alone 
27 patients 
(21%) 


Diabetes 


Non-Diabetic 
65 patients 
(52%) 


should a non-diabetic, 
transient glycosuria ever be 
considered unimportant? 


Never. A patient showing even a mild transient glycosuria should 
be observed for years as a diabetic suspect.* 


Ultimate diagnosis on 126 patients with a previous transient mild 
glycosuria. Twenty diabetics were discovered 5-10 years after a 
recorded glycosuria— 10 diabetics after more than 10 years.* 


*Murphy, R.: Connecticut M. J. 2/:306, 1957. 


COLOR CALIBRATED CLINITEST ate 


the STANDARDIZED urine-sugar test 
for reliable quantitative estimations 


e full color calibration, clear-cut color changes 

« established “plus” system covers entire critical range 

¢ standard blue-to-orange spectrum long familiar to diabetics 
unvarying, laboratory-controlled color scale 


AMES COMPANY, INC ELKHART, INDIANA 
Ames Company of Canada, Ltd., Toronto 45457 


DIABETES FOLLOWING TRANSIENT GLYCOSURIA* 


Potential —on insulin 
Diabetes 18 patients 
16 patients (14%) 
(13%) 
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Enhances safety when more potent drugs 4 
are needed. : 
Rauwiloid® + Veriloid® 
clseroxyion 1 mg. and alkavervir 3 mg. 
for moderate to severe hypertension. 
Initial dose, 1 tablet t.i.d., p.c. 


Rauwiloid® + Hexamethonium 
alseroxylon 1 mg. and hexamethonium chloride 
dihydrate 250 mg. 


in severe, otherwise intractable hyper- 
tension. Initial dose, 44 tablet q.i.d. 


Many such 
hypertensives have 


been on Rauwiloid 
for 3 years 
and more* 


for Rauwiloid IS better tolerated... 
“‘alseroxylon [Rauwiloid] is an anti- 
hypertensive agent of equal thera- 
peutic efficacy to reserpine in the 
treatment of hypertension but with 
significantly less toxicity.” 
*Ford, R.V., and Moyer, J.H.: Rau- 
wolfia Toxicity in the Treatment of 


Hypertension, Postgrad. Med. 23:41 
(Jan.) 1958. 


just two tablets 
at bedtime 


After full effect 
one tablet suffices 


Riker) 


Both combinations in convenient 
single-tablet form. 
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UNIQUE 


in the treatment 
of severe 
hypertension 


BECAUSE 


it increases 
renal blood flow 


Inherentasa basic prob- 
lem of severe hyperten- 
sion is renal ischemia. 
Even though they re- 
duce blood pressure to 
varying degrees, antihypertensive 
agents may often diminish renal 
blood flow. 


Apresoline not only lowers blood 
pressure but increases renal blood 
flow and cardiac output, producing a 
“most striking improvement in car- 


diovascular and renal function .. .’’* 


*Judson, W. E., Hollander, W., and Wilkins, 


SUPPLIED: 
Ampuls, 1 ml., 20 mg. per ml. R. W.: Circulation 13:664 (May) 1956. 


Tablets, 10 mg. (yellow, 


double-scored), 25 mg. (blue, atte ® 
: coated), 50 mg. (pink, coated); 
bottles of 100, 500 and 1000. 
a Tablets, 100 mg. (orange, coated); 
bottles of 100 and 1000. 
hydrochloride 
Cc I B A (hydralazine hydrochloride CIBA) 


SUMMIT, N. J. 
2/2493mB 
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